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ABSTRACT 21 

The Brazilian margin is one of the longest elevated passive margins (EPMs) in the 22 

world. However, both the timing of uplift and the long-term evolution of this EPM remain 23 

highly debated. In this study, we present a new suite of apatite (U-Th-Sm)/He (AHe) and 24 

fission track (AFT) ages for the southern end of the Brazilian EPM, in the Aparados da Serra 25 

plateau. Our results reveal that mean AHe ages range from 43 – 112 Ma, while AFT ages range 26 

from 46 – 222 Ma. Thermal history models suggest monotonic exhumation rates in the 27 

Aparados da Serra, with post-rifting rates < 50 m Myr-1 in the coastal plain and < 25 m Myr-1 28 

in the volcanic plateau. Collectively, our results imply a total erosion of 2 – 4 km of material 29 

from the coast and < 2 km from the plateau since rifting ca. 120 – 100 Ma. AHe and AFT data 30 

indicate no detectable exhumation during the Cenozoic, implying that recent uplift along the 31 

margin was either absent or minimal, and that the relief observed in the Aparados da Serra is 32 

a likely consequence of sustained rift topography. Based on the absence of major recent 33 

tectonic events, we argue that Cenozoic exhumation patterns in the Aparados da Serra were 34 

largely controlled by geomorphologic processes (e.g., differential erosion). The spatial 35 

distribution of AHe ages indicates that the Aparados da Serra evolved through escarpment 36 

retreat, at least across the region extending from the present-day coastline to the 37 

escarpment position. Lastly, the equivalence between long (AFT and AHe) and short-term 38 

(catchment-averaged) erosion rates argues for sustained stability of the margin over 39 

geological timescales. 40 

1 INTRODUCTION  41 

Elevated passive margins (EPMs) represent the most dynamic regions within passive 42 

tectonic settings, featuring maximum erosion rates that are comparable to those in 43 

tectonically active regions (Wang et al., 2021). Despite significant research into the role of 44 

post-break-up deformation, uplift, and erosion along EPMs (e.g., Gallagher et al., 1994; van 45 

der Beek et al., 2002; Japsen et al., 2012; Braun, 2018; Hueck et al., 2019), fundamental 46 

questions about the timing of uplift and long-term geomorphic evolution of these settings 47 

remain controversial (Braun, 2018; Fonte-Boa et al., 2022). For example, while some authors 48 
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argue for the preservation of rift topography through isostasy (e.g., Nielsen et al., 2009; Jess et 49 

al., 2019, 2020), others suggest that cyclic episodes of uplift, erosion, and peneplanation are 50 

needed to generate the rift-like topography observed along modern EPMs (e.g., Japsen et al., 51 

2012; Green et al., 2022). In addition to these tectonic controls, the geomorphologic 52 

processes that govern the degradation of EPMs are still highly debated (van der Beek et al., 53 

2002; Braun & van der Beek, 2004; Braun, 2018, see Fig. 7). 54 

The southeast Brazilian continental margin comprises one of the longest EPMs on 55 

Earth (Fonte-Boa et al., 2022). This margin features a series of 1 – 3 km asl escarpment 56 

systems stretching for nearly 2,000 km along the South Atlantic coast (Fig. 1A), with striking 57 

structural and lithologic diversity (Fonte-Boa et al., 2022). The southern end of this system 58 

(south of lat. 28°S), hereafter named Aparados da Serra, is distinct from other segments of the 59 

EPM due to its extremely low-relief plateau (Fig. 1B-C) and absence of post-break-up 60 

volcanism or reactivation, which are common features along other parts of the Brazilian EPM 61 

(Riccomini et al., 1989; Cogné et al., 2012; Sacek et al., 2012; Fonte-Boa et al., 2022; Fonseca 62 

et al., 2023). Despite its unique characteristics, the exhumation history of the Aparados da 63 

Serra remains largely undersampled, as thermochronological studies have predominantly 64 

focused on the northern segment of the Brazilian EPM (Fig. 1D-E). 65 

In this study, we present a novel suite of apatite (U-Th-Sm)/He (AHe) fission track (AFT) 66 

dates for the Aparados da Serra (Fig. 1E). Combined with geological observations, inverse 67 

thermal history models reveal protracted exhumation histories since rifting at ca. 120 - 100 68 

Ma. Our thermal history model results also indicate no evidence of recent (Cenozoic) uplift, 69 

suggesting that the elevated topography of the Aparados da Serra has persisted since early 70 

Cretaceous rifting. Based on the spatial distribution of AHe ages, we also identify that the 71 

margin has likely evolved via progressive back cutting (escarpment retreat), although retreat 72 

velocity could not be determined.  73 

2 GEOLOGICAL BACKGROUND 74 

Located at the southern limit of the Brazilian EPM, the Aparados da Serra consists of a 75 

volcanic plateau (1.0 – 1.6 km asl) bounded to the east by a 200-km long NNE-SSW-trending 76 
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escarpment (Fig. 2). From north to south, the escarpment morphology transitions from a 77 

simple, “divide-type escarpment” in which the divide and scarp edge are coincident and sub-78 

linear to a more complex and sinuous “gorge-head type” escapement, marked by a series of 79 

embayments and deeply incised fluvial valleys (Fig. 2) (Haag et al. 2025b). This trend is 80 

accompanied by a decrease in the distance between the escarpment and the coast, which 81 

gradually declines from ~ 90 km in the north to 15 km in the south (Fig. 2).  82 

Geological units are divided into three major groups along the Aparados da Serra, from 83 

older to recent: (i) underlying basement units include plutonic and metamorphic rocks 84 

(Ediacaran) of the Brazilian shield; (ii) overlying clastic (marine – fluvial) sedimentary rocks of 85 

the Paraná Basin (Lower Permian - Cretaceous); and (iii) capping effusive volcanics of the 86 

Paraná-Etendeka LIP (lower Cretaceous), locally grouped in the Serra Geral Group (Milani et 87 

al., 2007; Canile et al., 2016; Rossetti et al., 2018; Gomes & Vasconcelos, 2021; Scherer et al., 88 

2023). In the study area, the escarpment is mainly composed of volcanic and sedimentary 89 

rocks, while basement units are restricted to the lower coastal domains. No younger 90 

lithological units have been identified overlying the plateau or along the escarpment face 91 

(Wildner 2008, 2014), which suggests ongoing erosion/non-deposition since rifting.  92 

Tectonically, the study area evolved from an orogenic collisional setting (Pan-93 

African/Brasiliano, Neoproterozoic) to a large intra-cratonic basin (Ordovician–Cretaceous), 94 

characterized by the deposition of thick sedimentary units of the Paraná Basin (Milani et al., 95 

2007; Scherer et al., 2023). The geological record of the Paraná Basin is characterized by 96 

extensive periods of exhumation (e.g., Lower Triassic–Upper Jurassic), as indicated by several 97 

unconformities within the basin (Milani et al., 2007; Canile et al., 2016; Scherer et al., 2023). 98 

Relevant to this study, the late tectonic history (Cretaceous–Present) includes the 99 

emplacement of the Paraná-Etendeka LIP, resulting in the deposition of > 2 km of lavas (Milani 100 

et al., 2007; Rossetti et al., 2018; Gomes & Vasconcelos, 2021; Krob et al., 2019). The 101 

emplacement of the Paraná -Etendeka LIP was followed shortly by the opening of the South 102 

Atlantic through rifting, establishing a passive margin in the region at ~ 120 – 100 Ma (Contreras 103 

et al., 2010; Stica et al., 2014).  104 
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 105 

Figure 1 – A) Topographic setting of the southeast Brazilian passive margin and the available AFT cooling ages; B) 106 

GoogleEarth view of the central segment of Aparados da Serra; C) Field photo of deeply incised canyons along 107 

the south limit of the study area; D-E) 300-km wide elevation swath profile (left axis) along the passive margin, 108 

from the Uruguayan Shield to the Serra do Mar and Serra da Mantiqueira ridges, along with the available (D) AFT 109 

cooling ages (right axis) and (E) AHe cooling ages (right axis). The AFT panel includes data compiled from Krob et 110 

al. (2020), while AHe includes data from Karl et al. (2013), Krob et al. (2019), Cogné et al., (2011, 2012), Hueck et 111 

al. (2019), Machado et al. (2019, 2020), and Gezatt et al. (2021). In D and E, pixel density represents terrain 112 

elevation. The timing of rifting is indicated with a horizontal red line at an age of 100 - 120 Ma.  113 
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 114 

Figure 2 – A) Topography of the study area with the respective AHe cooling ages. B) Relief of the study area with 115 

respective available AFT central ages. C) Inset of the northern section of the study area (Rio do Rastro Profile) 116 

highlighting AHe and AFT ages; D) Cross section on escarpment edge with respective AHe sample locations. 117 

Samples from the literature include data from Gallagher et al. (1994), Karl et al. (2013), Krob et al. (2019) and 118 

Bicca et al. (2020).  119 

3 METHODS 120 

To resolve the exhumation history of the study area we combine apatite low-temperature 121 

thermochronology techniques (AHe and AFT) and thermal history modeling. All analytical 122 

procedures were performed at the Calgary Geo- and Thermochronology Laboratory of the 123 

University of Calgary and follow the methods summarized by McKay et al. (2021) for AHe 124 

analysis and Fraser et al. (2021) for AFT analysis. 125 

3.1 Sampling strategy 126 

Sampling focused on transects perpendicular to the escarpment face, along one 127 

elevation profile, and at several control points along the escarpment face and coastal plain 128 
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(Fig. 2A). In this contribution, all samples are collected from sedimentary units of the Paraná 129 

Basin, including: Botucatu Fm. (Early Cretaceous; medium to fine eolian sandstone; Scherer, 130 

2000), with a depositional age of 134 – 145 Ma (Bertolini et al., 2020) and U-Pb peak in zircon 131 

provenance ages of Ediacaran age (Canile et al., 2016; Bertolini et al., 2021); and Rio do Rastro 132 

Fm. (Permian–Triassic; fine sandstones interbedded with siltstone and mudstones; Canile et 133 

al., 2016), with a depositional age of 250 – 280 Ma (Milani et al., 2007; Canile et al., 2016) and 134 

U-Pb zircon provenance of Ediacaran age (Canile et al., 2016). For details on sampling sites, 135 

please check SI1. For each sample, we collected 2 – 5 kg of material for mineral processing, 136 

which was performed at the University of Toronto Mississauga, following the approach of 137 

Donelick (2005). Please refer to SI2 for details on mineral separation. 138 

In addition to our own AHe and AFT data, we also incorporate three AHe samples from 139 

Karl et al. (2013) and forty AFT samples from Gallagher et al. (1994), Karl et al. (2013), Krob et 140 

al. (2019), and Bicca et al. (2020). These studies include sedimentary samples from the Rio 141 

Bonito Fm. (Carboniferous–Permian; fine sandstones interbedded with siltstone and 142 

mudstones; Canile et al., 2016), volcanics from the Serra Geral Gr., as well as granitoid 143 

samples from basement rocks (Ediacaran).  144 

3.2 Apatite (U-Th-Sm)/He 145 

We focus on AHe analysis due to its low-temperature sensitivity with the partial retention 146 

zone for helium (HePRZ) ranging from 40 – 70°C (e.g., Flowers et al., 2009), suitable for 147 

analyzing near-surface (1 – 2 km) processes (e.g., van der Beek et al., 2002; Braun & van der 148 

Beek, 2004). In this contribution, we present AHe ages for a total of ten samples (Table 2). For 149 

each sample, whenever possible, we select well-formed, unbroken, inclusion-free crystals 150 

using a Stereo Microscope model ZEISS SteREO Discovery.V12 (SI3). We then picked five to 151 

seven crystals from this pool, recording each crystal’s length, long width, short width, number 152 

of terminations, and surface aspects. Lastly, we packed individual grains in Nb tubes and 153 

performed the He extraction using an Applied Spectra Alphachron helium line, while parent 154 

isotopes (235U, 238U, 232Th, and 147Sm) were determined via isotope dilution (Evans et al., 2005). 155 
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We calculated ages using the Taylor expansion method and corrected for alpha ejection using 156 

the approach of Ketcham et al. (2011). Analytical results are reported in the SI3.  157 

3.3 Apatite Fission Track 158 

We selected six samples for AFT dating using laser ablation fission track analysis (LA-159 

AFT) (Hasebe et al., 2004). AFT dating is sensitive to slightly higher temperatures with the 160 

fission track partial annealing zone (PAZ) ranging 60–120°C (e.g., Gallagher et al., 1998). We 161 

mounted and polished the selected samples, followed by standard etching protocol of 5.5M 162 

HNO3 at 21°C for 20 seconds (Donelick, 2005). A detailed description of sample preparation 163 

is provided by Fraser et al. (2021). We aimed to date 30 grains per sample and measured the 164 

diameter of the track opening parallel to the c-axis (Dpar) to gain information on apatite kinetic 165 

parameters (Ketcham et al., 2007). The grains chosen for dating had homogeneous track 166 

distribution, no fractures and no inclusions. Spontaneous track counting was performed in a 167 

Zeiss AxioImager.M2m optical microscope equipped with an Autoscan System Pty. Ltd. Stage. 168 

Similarly, confined track lengths measurements were conducted and are reported in (SI4). U 169 

concentration measurement was performed using an Applied Spectra Resolution LR Laser 170 

Ablation System coupled to an Agilent 7700x Quadrupole ICP-MS. Ablation spots were 33µm 171 

in diameter and placed in the center of the area where spontaneous tracks were counted. The 172 

fission track ages were calculated and zeta calibrated using the equations outlined by Hasebe 173 

et al. (2004, 2013). Durango apatite standards were frequently analyzed throughout the laser 174 

ablation session to ensure proper zeta calculation. Additionally, NIST610 was analyzed for 175 

calculation of uranium concentrations. Complete AFT data analysis results (analytical results, 176 

radial plots, length measurements and Dpar) are reported in SI4. 177 

3.4 Thermal history modelling  178 

We combined AHe and AFT cooling ages, track length, compositional data, and 179 

independent geological constraints to perform inverse thermal history modeling using QTQt 180 

5.8.6 (Gallagher, 2012). QTQt uses a Markov Chain Monte Carlo (MCMC) approach to obtain a 181 

set of “acceptable” thermal histories. For each model, we secure algorithm stability by 182 

performing runs with at least 1 million iterations, ensuring a steady likelihood chain (Gallagher, 183 
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2012). Additionally, samples located within the same region and without evidence of tectonic 184 

displacement (e.g., BR-9, 10 and L-1; Fig. 5A) are modelled as a group. Thermal histories 185 

modelling was only completed on samples with both AFT and AHe data (BR-3, 4, 6, 7, 9, and 186 

10), or on those AHe samples that could be included in a joint inversion with other samples 187 

(e.g., BR-1, 2, and L-1). Initial modeling attempts using exclusively AHe data (BR-5 and 8) 188 

revealed data dispersion that was too high to yield meaningful results. 189 

Table 1 – Inputs for the thermal model. HP indicates the plateau elevation, while HS the sample elevation. 190 

Timing Event Class Affected units Temperature References 

0 Ma 
Present day 
temperature 

All units 20 ± 10 °C Wygrala (1989) 

133 ± 1 Ma Depositional 
Serra Geral Gr. 

(Paraná-Etendeka 
LIP) 

TMIN = (HP – HS) x 30°C 
TMAX = Unconstrained 

Gomes & Vasconcelos 
(2021) 

140 ± 6 Ma 
Depositional Botucatu Fm. 

20 ± 10 °C Milani et al. (2007); Canile 
et al. (2016); Bertolini et 

al. (2020). 

Exhumation Rio do Rastro Fm. 
265 ± 15 Ma Depositional Rio do Rastro Fm. 20 ± 10 °C 
580 ± 80 Ma Provenance All sedimentary units 800 ± 200 °C 

We performed joint inversion of AFT and AHe data using the annealing model of Ketcham 191 

et al. (2007). Single-grain AHe age dispersion is expected in detrital samples that may have 192 

experienced prolonged residence in the HePRZ (e.g., Jess et al., 2019). Considering that all 193 

samples in our dataset are detrital and likely resided for extended periods within the HePRZ 194 

(Gallagher et al., 1994; Karl et al., 2013; Krob et al., 2019; Bicca et al., 2020), we implemented 195 

additional steps to better account for kinetic variability in thermal modeling: (i) we applied the 196 

radiation damage model (Recanati et al., 2017) to account for changes in helium diffusivity, 197 

and (ii) we resampled the additional activation energy (ΔEb) required for diffusion of helium 198 

trapped in damage vacancies (Gautheron et al., 2009, 2012; Gerin et al., 2017). Accordingly, 199 

while the radiation damage model seeks to compensate for changes in diffusion kinetics, 200 

resampling ΔEb between 20 – 50 kJ mol-1 seeks to improve model predictions by accounting for 201 

different apatite composition and damage (Gerin et al., 2017). See SI6 for further details in 202 

inverse thermal history modelling.  203 
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The Paraná Basin has been extensively studied due to the presence of mineral resources 204 

including coal and gas (e.g., Milani et al., 2007; Bicca et al., 2020). This detailed tectonic and 205 

stratigraphic framework allows us to independently constrain thermal events, including 206 

depositional and exhumation periods outlined in Table 1. The present-day geothermal 207 

gradient in the study area ranges from 30 – 35°C km-1 (Vieira & Hamza, 2019) but was likely 208 

higher during the emplacement of the Paraná-Etendeka LIP and subsequent rifting. 209 

Accordingly, total overburden and erosion rates are estimated from cooling rates using 210 

geothermal gradient from 30 – 40°C km-1.  211 

4 RESULTS 212 

We report a total of 51 new AHe dates from ten samples and AFT dates from six samples 213 

(Table 2). Single-grain AHe data range from 18 – 254 Ma, while mean AHe sample ages range 214 

56 – 111 Ma. AFT central ages range from 84 – 1235 Ma, with MTL of 13.31 – 14.38 µm and Dpar 215 

of 1.93 – 2.66 µm (Table 2). All AFT samples show high dispersion with P (χ2) < 0.05. 216 

4.1 Apatite low-temperature thermochronology 217 

Including data from Karl et al. (2013), the mean AHe sample ages range from 43 – 112 Ma 218 

(Fig. 3B, SI7) in the study area. We group AHe data based on their sampling location (Fig. 3A):  219 

(i) Deep-incised valleys (four samples, BR-1 to 4): samples located at low 220 

elevations landward of the escarpment crest, at the bottom of narrow and deep 221 

fluvial valleys cut into the plateau and located in the southern part of the study 222 

area (Fig. 2A, 3A). These samples are typically older (∼ rift age), with mean AHe 223 

ages ranging 102 – 111 Ma (Fig. 3B).  224 

(ii) Escarpment face (three samples, BR-9, 10 and L-1): collected on the escarpment 225 

face (Fig. 2A, 3A), these samples display a wide range of mean AHe ages from 43 226 

– 90 Ma (Karl et al., 2013) and are younger than rifting (< rift age) (Fig. 3B). These 227 

samples show a positive correlation between sample elevation and AHe age (Fig. 228 

2D). 229 
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(iii) Coastal plain (six samples, BR-5 to 8, L2 and L3): collected between the coastline 230 

and the escarpment foot (Fig. 2A, 3A), these samples also feature variable ages 231 

and are relatively young (< rift age), with mean AHe ages from 56 – 87 Ma (Karl et 232 

al., 2013) (Fig. 3B). Spatially, AHe ages are marked by a younging trend from the 233 

coast toward the escarpment, although significant variability is present (Fig. 3B). 234 

Combined with samples from the literature (Gallagher et al. 1994; Karl et al. 2013; Krob 235 

et al. 2019; Bicca et al. 2020; SI7), AFT central ages range from 46 – 222 Ma, without a distinct 236 

spatial distribution (Fig. 3C, 4B). MTLs range from 10.3 to 15.1 µm (Fig. 4C); overall, volcanic 237 

samples from higher elevations, reported by Gallagher et al. (1994) feature longer length 238 

measurements (MTL > 14.1 µm), while sedimentary and basement samples show a spread of 239 

MTL values from 12.3 – 14.4 µm (Fig. 4C, SI7). 240 
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Table 2 – Thermochronology results. Sample elevation, stratigraphic age, and the distance to the coastline. For AHe and AFT results, N represents 241 

the number of grains analyzed; For track length results, N represents the number of measured tracks. MTL results are reported as corrected for c-axis. For 242 

AHe data, a complete table with analytical results, grain measurements, uncorrected ages and Ft correction is reported in SI3. For AFT data, analytical 243 

results, radial plots, MTL and Dpar measurements are reported in SI4. 244 

Sample information 
AHe results 
(corrected) 

AFT results Track length results  

Lithologic 
unit 

Sample 
ID 

Z  
(m asl) 

Distance 
to coast 

(km) 
N 

Min – 
Max (Ma) 

Mean age ± 
σ1 (Ma) 

N 
Central age 

± σ1 error 
(Ma) 

Disper
sion 

N 
Projected 
MTL ± σ1 

(µm) 

Dpar ± σ1 
(µm) 

Botucatu 
Fm. 

Early 
Cretaceous 

BR-1 145 40 5 74 – 131 105.3 ± 10.8 - -  - - - 

BR-2 71 29 5 82 – 130 105.5 ± 8.2 - -  - - - 

BR-3* 261 27 5 75 – 154 111.5 ± 13.2 28 105 ± 12 23% 32 13.31 ± 0.25 2.14 ± 0.29 

BR-4 260 27 4 18 – 122 101.7 ± 14.1 30 84 ± 14 40% 12 14.15 ± 0.23 1.93 ± 0.15 

BR-5 127 30 4 45 – 197 67.7 ± 10.0 - -  - -  

BR-9* 740 50 5 78 – 106 89.7 ± 4.6 29 91 ± 11 28% 46 14.16 ± 0.13 2.21 ± 0.18 

Rio do 
Rastro Fm. 

Upper 
Permian 

BR-6 131 41 4 44 – 161 55.7 ± 8.0 26 114 ± 18 33% 95 14.27 ± 0.11 2.33 ± 0.44 

BR-7 12 21 3 32 – 75 70.5 ± 2.7 32 107 ± 17 39% 54 14.38 ± 0.14 2.66 ± 0.43 

BR-8 30 1 7 24 – 254 - - -  - - - 

BR-10 637 49 5 43 – 76 53.6 ± 6.0 17 123 ± 12 30% 70 13.72 ± 0.16 2.35 ± 0.32 

* Samples collected within 1 m of the lava-sandstone contact. 245 

mailto:mauricio.haag@mail.utoronto.ca


This article is a non-peer-reviewed preprint submitted to EarthArXiv in October 2025. 
Please forward questions and feedback to mauricio.haag@mail.utoronto.ca 

 246 

Figure 3 – Geographic distribution of AHe and AFT ages. A) Generalized, present-day escarpment morphology 247 

with sample location and altitude. B) Mean AHe cooling ages. C) AFT central ages. The main tectonic and 248 

depositional events are represented in B-C by horizontal bars and include the deposition of Botucatu 249 

Formation ca. 140 Ma (Bertolini et al., 2020), the Paraná-Etendeka LIP lavas ca. 133 Ma (Gomes and 250 

Vasconcelos, 2021), the opening of the South Atlantic Ocean ca. 120 – 100 Ma (Stica et al., 2014). The samples 251 

from the literature include data from Gallagher et al. (1994), Karl et al. (2013), Krob et al. (2019), and Bicca et 252 

al. (2020). 253 
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 254 

Figure 4 – AHe and AFT results according to elevation. A) Mean AHe age, color-coded by location. B) AFT central 255 

ages color-coded by MTL. C) AFT central ages vs. MTL results (“boomerang” plot), color-coded by lithology. B 256 

and C include data from Gallagher et al. (1994), Karl et al. (2013), Krob et al. (2019), and Bicca et al. (2020).   257 
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4.2 Thermal history modelling 258 

Collectively, all joint (AHe and AFT) models (Figs. 5D-G) are consistent with a discrete 259 

temperature increase of ∼ 70 – 90 °C at the time of the LIP emplacement ca. 133 Ma (Fig. 260 

5B). Following this temperature increase, modeling results reveal an accelerated cooling 261 

phase from 120 – 90 Ma (1 – 9 °C Myr-1; Fig. 5C). This cooling phase is followed by slow, 262 

protracted cooling during the post-rift period in the Late Cretaceous throughout the 263 

Cenozoic. Overall, post-rifting (100 – 66 Ma) cooling rates are < 3 °C Myr-1, while Cenozoic 264 

rates indicate near-surface temperatures with maximum cooling rates of < 1 °C Myr-1 (Fig. 265 

5C).  266 

5 DISCUSSION 267 

5.1 Heating events 268 

In the study area, single-grain AHe cooling ages range from 17 to 254 Ma, with ~ 95% 269 

of all dated grains younger than the Paraná-Etendeka LIP emplacement (Fig. 3B, SI5). In 270 

contrast, AFT central ages range from 46 to 222 Ma, with 82% of central ages postdating the 271 

LIP (Fig. 3C, SI5) (Gallagher et al., 1994; Karl et al., 2013; Krob et al., 2019; Bicca et al., 2020). 272 

This indicates that the high thermal flux associated with the LIP, likely in combination with 273 

significant overburden, was sufficient to fully reset nearly all AHe dates in the study site (e.g., 274 

Hueck et al., 2018). However, the AFT system was only partially reset, consistent with 275 

previous results from sedimentary samples analyzed by Gallagher et al. (1994), which 276 

suggest a limited sensitivity of AFT to post-LIP thermal events. This observation is supported 277 

by the notable dispersion observed in AFT dates (Table 2).  278 

All AFT central ages are younger than the depositional age of the Rio do Rastro Fm. (~ 279 

250 Ma, SI5), therefore matching the Gondwana I subsidence cycle of the Paraná Basin 280 

(Canile et al., 2016). Collectively, these results suggest that thermal effects associated with 281 

both the Gondwana I depositional cycle (~190 Ma) and the later emplacement of the Serra 282 

Geral Group/Paraná-Etendeka LIP (~133 Ma) played an important role in annealing and 283 

resetting apatite ages in the Aparados da Serra region. These observations are supported by 284 
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inverse thermal history modeling results, which are consistent with a notable temperature 285 

increase at ~133 Ma in all modelled samples (Fig. 5). Therefore, our analyses support the 286 

hypothesis of widespread heating/burial associated with the emplacement of the Paraná-287 

Etendeka LIP (Gallagher et al., 1994; Hueck et al., 2018). Based on inverse thermal history 288 

models, we observe cooling paths compatible with a minimum temperature increase of ~ 65 289 

– 95 °C for joint (AFT and AHe) models, equivalent to a minimum overburden of ~ 1.6 – 2.3 290 

km of rock material if we consider a geothermal gradient between 30 and 40 °C km-1 (Fig. 5B). 291 

These values agree with overburden estimates obtained by previous studies in the Aparados 292 

da Serra (ca. 2.5 km; Gallagher et al., 1994; Karl et al., 2013; Hueck et al., 2019; Krob et al., 293 

2019; Bicca et al., 2020). 294 

Thermochronology results from other regions affected by LIPs support the discrete 295 

heating pattern observed in our study area. For instance, Colleps et al. (2021) demonstrated 296 

that the Deccan Traps experienced a distinct thermal pulse, likely reflecting a significant 297 

thermal overprint caused by elevated regional heat flow, increased overburden, or a 298 

combination of both. Similarly, the emplacement of extensive dike swarms, sills, and thick 299 

volcanic flows, features commonly associated with LIPs and rifted margins, are suggested 300 

to substantially increase local geothermal gradients (Nyblade & Sleep, 2003; Krob et al., 301 

2020). Consequently, both spatially and temporally variable geothermal gradients are 302 

expected across regions affected by LIPs (e.g., Nyblade & Sleep, 2003). Therefore, it is 303 

important to note that the interpretations presented in this study do not fully account for 304 

these heterogeneities, which could influence the inferred thermal histories. 305 

5.2 Exhumation rates 306 

Joint inverse thermal history models suggest protracted exhumation histories in the 307 

Aparados da Serra coastal plain since rifting ca. 120 – 100 Ma (Fig. 5). For geothermal 308 

gradients of 30 – 40 °C km-1, modeled samples indicate exhumation rates of ~ 50 m Myr-1 for 309 

the Late Cretaceous, although peaks of accelerated exhumation between 100 – 300 m Myr-1 310 

are observed in two samples at ~ 110 Ma (BR-3 and BR-4, Fig. 6B). In the Cenozoic, all 311 

modeled samples reveal exhumation rates < 25 m Myr-1 (Fig. 6B). For the coastal plain region 312 
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(BR-6 and 7), modelled Cenozoic rates of < 20 m Myr-1 are within the same order of magnitude 313 

as low-temperature thermochronology (AHe + AFT) results obtained by Karl et al. (2013) and 314 

Krob et al. (2019), who documented rates of ~ 12 m Myr-1 and 23 – 68 m Myr-1, respectively. 315 

Modelled Cenozoic rates are also comparable to short-term erosion rates obtained using 316 

terrestrial cosmogenic nuclides (TCNs) in escarpment-draining rivers from the Aparados da 317 

Serra (5 – 136 m Myr-1; Haag et al., 2025a).  318 

Samples collected landward of the escarpment (South group, samples BR-1 to 4) are 319 

considered to be potentially representative of plateau erosion rates. Modelled rates of these 320 

samples suggest an accelerated phase of exhumation up to 300 m Myr-1 from ca. 115 – 95 321 

Ma, followed by protracted, low exhumation rates of < 10 m Myr-1 from 90 Ma to present (Fig. 322 

6B). Based on their present-day elevation (> 600 m asl), samples collected along the 323 

escarpment face (North group, samples BR-9, 10 and L-1) are also considered as potentially 324 

representative of erosion rates in the plateau. Similar to BR-1 to 4, north group samples 325 

feature an accelerated exhumation phase up to 40 m Myr-1 from 105 – 90 Ma (Fig. 6B). An 326 

elevation profile using mean AHe ages (samples BR-9, BR-10 from this study and L-1 from 327 

Krob et al., 2019) indicates exhumation rates of the plateau of only 2.6 m Myr-1 from 90 – 40 328 

Ma (Fig. 2D). In contrast, modelled rates for the same period using the same samples 329 

indicate slightly higher exhumation rates of 16 – 22 m Myr-1 (Fig. 6B). These rates are in 330 

agreement with TCN-derived erosion rates of 6 m Myr-1 for plateau-draining rivers in the study 331 

area (Haag et al., 2025a). They also match the expected short-term erosion rates of other 332 

EPMs plateaus, including south and western Africa (Makhubela et al., 2021), eastern 333 

Australia (Codilean et al., 2021), western Madagascar (Wang and Willett, 2021; Brosens et 334 

al., 2023), and western India (Mandal et al., 2015), where TCN rates range from 2.7 to 47 m 335 

Myr-1. 336 

 Collectively, these results demonstrate that the Aparados da Serra have experienced 337 

remarkably low erosion rates throughout the Cenozoic. The persistence of such low 338 

denudation underscores the long-term stability of the volcanic plateau and associated 339 
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escarpment. Building on these results, the following section explores the potential 340 

mechanisms that may account for the long-term uplift of the study area. 341 

 342 

Figure 5 – Inverse thermal history modeling results for samples from the Aparados da Serra escarpment. A) 343 

Overview of sampling sites. B) Summary of cooling paths for modelled samples and expected burial depths 344 

for 30 and 40 °C km-1 geothermal gradients. C) Summary of cooling rates calculated based on modelled 345 

cooling paths presented in (B). D-G) Model results: The brown line in each panel represents the expected 346 

thermal history model, while the shaded brown area denotes the 95% confidence interval. Green areas show 347 

projected terrestrial cosmogenic nuclide (TCN) erosion rates measured on the Aparados da Serra Plateau 348 

(Haag et al., 2025a). Note that TCN rates integrate over short timescales of <1 Myr and are not representative 349 

beyond this interval; accordingly, TCN rates are projected further back in time for illustrative purposes only. 350 

Measured track length distributions are shown as grey histograms, with predicted track length distributions in 351 

maroon. Observed (O) and predicted (P) AFT central ages are shown as orange circles (•), as single-grain AHe 352 

ages are shown as blue triangles (▴).  353 
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5.3 Timing of uplift and potential mechanisms 354 

Thermal history model results suggest relatively low and uniform exhumation rates 355 

across the Aparados da Serra since rifting (Fig. 5C, 6B). These findings are supported by 356 

previous studies conducted in the study region (Gallagher et al., 1994; Karl et al., 2013; Krob 357 

et al., 2019; Bicca et al., 2020), which document protracted erosion from the Late 358 

Cretaceous to the present. Furthermore, the consistency in erosion and exhumation rates 359 

across multiple techniques with contrasting temporal resolutions (AFT, AHe, and TCNs; 360 

Haag et al., 2025a) further supports the interpretation of slow, protracted denudation 361 

throughout the Cenozoic. Combined, these observations indicate that the timing of uplift 362 

was likely contemporaneous with continental rifting and/or LIP emplacement (Fig. 6A, B), 363 

and that the Aparados da Serra has since undergone protracted topographic decay (e.g., 364 

Nielsen et al., 2009; Jess et al., 2019) rather than recent tectonic rejuvenation (e.g., Japsen 365 

et al., 2012). 366 

Curiously, we observe no apparent relationship between modeled exhumation rates, 367 

climate records (Veizer et al., 1999; Mills et al., 2019), sediment flux into the Pelotas Basin 368 

(Contreras et al., 2010; Rohais et al., 2021), mid-Atlantic ridge spreading rates (Clark, 2018), 369 

and Andean convergence rates (Horton, 2018) (Fig. 6B-F). This decoupling suggests that the 370 

influence of far-field stresses, whether from the Andean orogeny or the Atlantic mid-ocean 371 

ridge, on exhumation in the Aparados da Serra region has been limited, or possibly too subtle 372 

to detect with low-temperature thermochronology (e.g., Contreras et al., 2010; Rohais et al., 373 

2021). Even though sedimentary fluxes have been used to infer uplift and exhumation events 374 

in various passive margin settings (e.g., Baby et al., 2018), here we also observe no 375 

relationship between tectonics and sedimentary input into the Pelotas Basin. In this basin, 376 

major unconformities are primarily associated with eustatic sea-level fluctuations 377 

(Contreras et al., 2010), rather than tectonic activity. 378 

Based on the comprehensive chart presented in Fig. 6, the Paraná-Etendeka LIP and 379 

subsequent continental rifting were likely the last major events capable of influencing low-380 

temperature thermochronology systems in the Aparados da Serra. These events also appear 381 
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to be the most recent drivers of regional uplift in the Aparados da Serra. Particularly relevant 382 

to the establishment of permanent uplift, extensive evidence of magmatic underplating in 383 

southeast Brazil suggests that this process may have played a key role in generating elevated 384 

topography (Bernardes et al., 2023). Therefore, the Cenozoic evolution of the Aparados da 385 

Serra greatly contrasts with other parts of the Brazilian EPM, where tectonic reactivation is 386 

locally present (Riccomini et al., 1989; Cogné et al., 2012; Sacek et al., 2012; Fonte-Boa et 387 

al., 2022; Fonseca et al., 2023). 388 

 389 

Figure 6 – Apatite low-temperature thermochronology exhumation rates for the Aparados da Serra compared 390 

to stratigraphic records and tectonic events in South America. A) Major tectono-magmatic events in eastern 391 

South America (Thompson et al., 1998; Gibson et al., 1999; Maia et al., 2021; Gomes and Vasconcelos, 2021 392 

and references therein). B) Exhumation rates calculated for geothermal gradients 30 – 40 °C km-1. C) Global 393 

climate record (Veizer et al., 1999 for δ18O record (in parts per thousand = ‱) and Mills et al., 2019 for surface 394 
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temperature). D) Sediment flux (light orange) is from offshore sedimentary record of the Pelotas Basin 395 

(depocenter of the study area), including calibrated sedimentary input and erosional shelf unconformities (U) 396 

(light brown, Contreras et al., 2010) and high-resolution Cenozoic data (dark orange, Rohais et al., 2021). E) 397 

South Atlantic mid-ocean ridge spreading rates (green curve, Clark, 2018). F) Andean convergence velocity 398 

(purple curve, Horton, 2018) and phases (dark pink bars, Cobbold et al., 2001). 399 

5.4 Geomorphologic evolution 400 

In addition to the timing and origin of topography along the study area, the spatial 401 

distribution of AFT and AHe ages, and their modelled rates, allow us to evaluate the long-402 

term geomorphologic evolution of the southern Brazilian EPM. While the denudation of EPMs 403 

can evolve via several pathways (Gallagher et al., 1998), two end-member scenarios are 404 

generally recognized: (i) escarpment retreat and (ii) plateau degradation (Brown et al., 2002; 405 

van der Beek et al., 2002; Braun and van der Beek, 2004). The escarpment retreat model 406 

suggests a drainage divide that coincides with the rift line and progressively migrates 407 

landward by escarpment back cutting (Fig. 7A) (van der Beek et al., 2002). In contrast, the 408 

plateau degradation model assumes a drainage divide located several tens of kilometers 409 

landward of the rift line; in this scenario, a fast period of erosion is focused on the region 410 

between the divide and the rift axis (Fig. 7B) (van der Beek et al., 2002). 411 

Geodynamic conditions potentially favor the use of AHe for discriminating between 412 

these two scenarios in the study area. Low to moderate values of effective elastic thickness 413 

of the lithosphere (~ 10 – 40 km; Tassara et al., 2007), high geothermal gradients (30 – 35°C 414 

Km-1, but likely higher in the past; Vieira and Hamza, 2019), and sufficient inland migration of 415 

the escarpment (migration distance ≥ characteristic wavelength of flexural deflection, which 416 

ranges from 30 – 80 km in the study area; Haag et al., 2025b) all point to a likely flexural 417 

response to erosion and therefore a detectable AHe trend along the coastal plain (Braun and 418 

van der Beek, 2004). However, the moderate elevation of the Aparados da Serra escarpment 419 

(1–1.6 km asl) places it at the lower limit for detecting escarpment retreat using AHe data 420 

(Braun and van der Beek, 2004). 421 
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Following the modeling results of Braun and van der Beek (2004), we compare our AHe 422 

data with the expected distribution of AHe dates for the escarpment retreat and the plateau 423 

degradation denudation scenarios (Fig. 7C, D). For this comparison, we normalized sample 424 

locations to the coastline-escarpment bottom segment, as well as all AHe to the rifting age, 425 

which is 100 Ma in the models of Braun and van der Beek (2004) and ~ 110 Ma in the Aparados 426 

da Serra (Stica et al., 2014). This comparison reveals that AHe ages from the coastal region 427 

of the Aparados da Serra are significantly younger than those predicted in the plateau 428 

degradation scenario (Fig. 7C). In this geomorphic evolution pathway, AHe dates on the 429 

coastal plain are expected to be 25 – 50% older than rifting (Fig. 7D; Braun and van der Beek, 430 

2004). This is not observed in the AHe dates reported in the Aparados da Serra, which are 431 

generally 25 – 70% younger than the rifting. Accordingly, the spatial distribution of AHe dates 432 

appears to favor the escarpment retreat hypothesis, characterized by (i) a progressive 433 

decrease of AHe ages toward the escarpment bottom and (ii) ages that are typically younger 434 

than rifting (Fig. 7D) (Braun and van der Beek, 2004). 435 
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 436 

Figure 7 – Exhumation patterns expected for the (A, C) plateau degradation and (B, D) escarpment retreat 437 

scenarios with the respective locus of erosion since rifting. Geomorphological evolution is based on modeling 438 

results from van der Beek (2002), while the expected distribution of AHe ages is based on Braun and van der 439 

Beek (2004). Elevation and erosion rates in the left-side plot are arbitrary. 440 

Although the spatial pattern of AHe ages appears consistent with an escarpment 441 

retreat model, quantifying retreat rates remains challenging with the available number of 442 

samples. For an effective elastic thickness ranging between ~10 and 40 km (Tassara et al., 443 

2007), the minimum AHe ages are expected to be larger than escarpment stabilization times 444 

(Braun and van der Beek, 2004). Therefore, minimum observed AHe ages of approximately 445 

~55 Ma only provide a first-order estimate for the timing of escarpment stabilization in the 446 

Aparados da Serra. Additionally, despite the overall spatial pattern supporting the 447 

escarpment retreat scenario, inverse thermal history models for samples collected along 448 
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the coastal plain (Fig. 5; BR-6 and BR-7) do not exhibit a distinct, accelerated phase of 449 

exhumation expected in response to an erosional wave due to escarpment migration (Fig. 450 

7B). Instead, the modeled samples indicate relatively steady and prolonged cooling, 451 

compatible with gradual plateau denudation (Fig. 5). In this context, the lack of an 452 

exhumation pulse may imply that the coastal plain experienced subdued erosional 453 

dynamics, or that any signal of rapid retreat has been thermally overprinted or spatially 454 

averaged out. Alternatively, it may also indicate that the exhumation caused by the migrating 455 

escarpment was not significant enough to result in a detectable signal in the thermal 456 

models. Therefore, while the AHe age distribution apparently supports the escarpment 457 

retreat model, the absence of a sharp exhumation event in inverse models (Fig. 5) highlights 458 

the complexity of interpreting low-temperature thermochronologic data in passive margin 459 

settings (Braun and van der Beek, 2004). 460 

6 CONCLUSIONS 461 

In this study we present novel AHe and AFT data for the southern end of the Brazilian 462 

elevated passive margin. Based on cooling ages, geological, and thermal history model 463 

observations, we identify that: 464 

• The Aparados da Serra is marked by monotonic, slow cooling rates typically < 50 465 

m Myr-1. These rates are compatible with recently obtained, short term, TCN 466 

erosion rates (Haag et al., 2025a). 467 

• Thermal histories show no evidence of recent accelerated cooling episodes, 468 

implying either an absent or undetectable Cenozoic uplift in the study area. 469 

Therefore, the elevated topography observed in the Aparados da Serra EPM was 470 

likely achieved during rifting at ca. 120 – 100 Ma. 471 

• The spatial distribution of AHe dates favours the escarpment retreat hypothesis 472 

for the geomorphic evolution of the Aparados da Serra, in which the divide 473 

progressively migrates away from the rift line over time. This hypothesis, however, 474 

is not supported by inverse models, which show not particular erosional wave.  475 
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Supplementary Information 1 – Field aspects and sampling sites 

 

 

Fig. S1.1 – (A-B) Field aspects of the study area in the Aparados da Serra region and (C-F) representative sampling 
sites near the lava-sediment contact. Black boxes are placed in (C) to cover people. Sampling locations (lat, long) 

are reported in Table S7.2. 
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Supplementary Information 2 – Mineral separation 

Initially, rock fragments were disaggregated by repeatedly passing them through a jaw crusher. 

Because of the low-strength and weak diagenesis of the sampled units, this first step was usually 

effective in producing enough sand-sized material (< 300 µm), which allowed us to avoid the use of 

mills and potentially preserve a higher amount of whole apatites for the (U-Th-Sm)/He analysis 

(Donelick et al., 2005). 

To remove the dust and the clay fraction, samples were repeatedly washed with tap water in 

a bucket until the water attained clarity and later dried at room temperature (ca. 21 °C) for two 

weeks. Finally, the dried material was sieved in six categories: (i) > 500µm, (ii) 500 - 250 µm, (iii) 

250 - 125 µm, (iv) 25 - 63 µm, and (vi) < 63 µm. Categories i, ii, and vi generally accounted for < 15% 

of the total sample mass and were excluded from further processing. 

Following sieving, the silty/sandy fraction (250 - 63 µm) was submitted to vertical magnetic 

separation to remove strongly magnetic minerals (e.g., magnetite, hematite). This was 

accomplished using a Frantz isodynamic magnetic separator model, with increasing field strengths 

of 0.5, 1.0, and 1.5 A, where only the non-magnetic fraction was kept and further processed. 

Density separation was achieved using a concentrated solution of lithium 

heteropolytungstates (LST, density = 2.95 g/mL), resulting in a heavy fraction that included apatite, 

zircon, tourmaline, and other common heavy minerals. The heavy fraction was submitted to a 

second separation step using Methylene Iodide (MI, density = 3.32 g/mL), from which only the light 

fraction was kept. At this stage, most samples had been reduced to ∼ 20g. Lastly, we submit the 

heavy LST/light MI fraction to horizontal magnetic separation using a Frantz isodynamic magnetic 

separator set to a tilt of 5° and a slope of 10°. 
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Supplementary Information 3 – AHe data 

Table 3.1 – AHe grain characterization, alpha correction and analytical results. W = width, L = length, H = height. 

Sample Grain geometry Grain composition Ft correction 
Uncorr. Age (Ma)     ± 

2σ (abs) 
Corr. Age (Ma)      ± 2σ 

(abs) 
 

Grain 
W (µm) L (µm) H (µm) 

He 
(fmol/ug) 

U 
(ppm) 

Th 
(ppm) 

Sm 
(ppm) 

eU 
(ppm) 

Th/U 
ratio 

r' 
(µm) 

Mass 
(µm) Ft 

154-1 
(BR-9) 

a 87.3 71.1 147.8 10.52 8.28 82.37 170.22 28.09 9.94 43.3 1.50 0.66 69.4 ± 3.3 105.9 ± 5.1 
b 99.7 88.0 140.5 30.95 77.21 59.88 423.64 91.97 0.78 46.8 1.73 0.70 62.2 ± 2.3 88.3 ± 3.3 
c 82.5 69.4 141.7 60.50 173.96 93.11 400.24 196.60 0.54 41.5 1.31 0.67 56.9 ± 1.9 84.9 ± 2.9 
d 78.9 77.5 104.1 11.31 24.38 80.03 617.64 44.17 3.28 36.2 0.79 0.61 47.5 ± 2.4 77.9 ± 3.9 
e 75.0 65.5 133.4 6.52 10.06 45.87 152.40 21.16 4.56 38.5 1.06 0.63 57.0 ± 2.8 91.2 ± 4.6 

154-2 
(BR-10) 

a 69.4 60.6 109.7 0.74 1.83 11.02 228.87 4.72 6.03 34.1 0.70 0.58 28.9 ± 4.9 50.0 ± 8.4 
b 66.2 60.6 123.8 2.33 9.00 33.23 95.39 17.02 3.69 34.8 0.80 0.59 25.4 ± 3.8 42.8 ± 6.3 
c 78.7 67.7 90.4 26.35 58.60 224.69 591.20 112.78 3.83 32.6 0.58 0.57 43.3 ± 1.7 76.4 ± 3.0 
d 74.9 72.8 104.6 3.56 11.66 20.90 333.67 17.03 1.79 35.4 0.75 0.61 38.7 ± 4.6 63.5 ± 7.5 
e 68.4 66.2 127.8 3.45 10.04 48.24 120.34 21.67 4.80 36.3 0.91 0.61 29.5 ± 1.6 48.8 ± 2.7 

154-5 
(BR-6) 

a 82.2 78.4 114.2 3.14 11.18 35.77 347.55 20.12 3.20 38.7 0.97 0.63 29.0 ± 1.6 45.8 ± 2.5 
b 73.2 63.4 126.0 16.69 19.71 45.58 215.28 30.81 2.31 37.1 0.93 0.62 99.9 ± 4.4 160.7 ± 7.1 
c 96.3 90.0 128.3 6.57 28.84 46.57 319.45 40.31 1.61 44.2 1.44 0.68 30.2 ± 1.4 44.3 ± 2.0 
d 82.1 82.1 105.8 3.03 12.08 18.78 34.32 16.59 1.55 37.1 0.86 0.63 33.8 ± 2.4 54.0 ± 3.8 
e 62.1 61.3 147.3 5.05 6.05 57.56 513.85 20.36 9.52 35.2 0.96 0.58 46.0 ± 2.9 78.9 ± 5.0 

154-8 
(BR-7) 

a 99.0 88.0 130.7 2.88 7.41 15.92 489.07 11.78 2.15 45.0 1.51 0.68 45.2 ± 2.8 66.1 ± 4.1 
b 80.1 78.9 134.3 3.39 10.55 11.03 286.15 13.51 1.05 41.1 1.24 0.66 46.5 ± 4.0 70.0 ± 6.0 
c* 76.7 74.9 107.5 37.70 2.33 12.60 135.25 5.49 5.40 36.3 0.81 0.60 1176.8 ± 103.0 - ± - 
d 62.9 65.5 126.0 3.66 12.06 9.53 338.47 14.73 0.79 34.5 0.80 0.61 45.9 ± 5.2 75.5 ± 8.6 
e 67.4 59.4 108.1 0.67 3.04 13.79 262.87 6.64 4.54 33.4 0.66 0.58 18.7 ± 7.1 32.5 ± 12.4 

154-9 
(BR-8) 

a 71.5 65.9 86.1 0.37 1.44 5.04 6.71 2.65 3.49 36.5 1.49 0.60 26.1 ± 3.5 43.3 ± 5.7 
b 76.6 66.8 111.2 5.39 8.50 19.53 168.15 13.35 2.30 37.6 1.09 0.68 74.6 ± 5.2 110.5 ± 7.7 
c 70.2 63.6 107.1 2.02 12.58 42.20 143.46 22.79 3.36 34.3 0.70 0.59 16.5 ± 0.7 28.0 ± 1.2 
d 87.1 74.1 98.5 0.77 4.98 17.00 64.50 9.10 3.42 42.5 1.06 0.65 15.8 ± 1.4 24.4 ± 2.1 
e* 93.0 79.5 120.7 68.32 60.81 18.26 1326.36 66.75 0.30 43.8 1.68 0.74 186.8 ± 6.4 254.2 ± 8.7 
f 90.1 81.9 112.3 0.55 1.40 8.05 30.94 3.35 5.76 46.3 1.38 0.67 30.6 ± 5.0 45.8 ± 7.5 
g 68.8 59.3 86.1 5.61 11.32 58.35 242.90 25.50 5.15 32.0 0.65 0.62 40.8 ± 2.7 65.6 ± 4.4 

154-10 
(BR-5) 

a 81.6 72.2 94.5 3.86 11.33 34.54 201.49 19.79 3.05 34.1 0.66 0.59 36.2 ± 4.3 61.5 ± 7.3 
b 86.1 69.6 116.9 4.41 27.05 1.66 40.65 27.49 0.06 39.0 1.00 0.66 29.7 ± 2.8 45.3 ± 4.3 
c 101.9 92.6 113.3 7.24 11.35 36.41 377.12 20.47 3.21 50.8 1.79 0.70 65.5 ± 3.4 93.1 ± 4.9 
d 84.8 72.0 118.3 4.42 7.19 39.56 130.36 16.76 5.50 40.9 1.39 0.69 48.8 ± 2.4 70.8 ± 3.5 
e 73.6 63.1 97.5 23.81 25.13 52.71 320.42 38.06 2.10 33.3 0.62 0.59 115.2 ± 5.1 197.0 ± 8.7 

154-14 
(BR-3) 

a 73.5 67.8 100.4 3.38 9.30 1.26 278.51 9.93 0.14 34.1 0.67 0.61 62.8 ± 10.9 102.5 ± 17.8 
b 89.7 85.1 94.2 33.77 54.21 86.60 183.40 75.04 1.60 44.7 1.20 0.67 83.1 ± 2.7 124.0 ± 4.1 
c 79.0 75.4 149.1 9.82 29.71 25.49 137.40 35.95 0.86 42.0 1.41 0.67 50.5 ± 2.5 75.2 ± 3.7 
d 85.3 82.8 99.3 7.27 16.38 19.46 355.90 21.44 1.19 35.9 0.78 0.62 62.7 ± 8.1 101.5 ± 13.1 
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e 86.8 81.8 90.7 6.81 11.13 3.93 30.53 12.10 0.35 43.1 1.08 0.67 103.5 ± 5.6 154.2 ± 8.3 

154-15 
(BR-4) 

a 103.7 95.6 110.1 6.44 12.90 1.06 170.38 13.36 0.08 51.3 1.82 0.73 88.7 ± 6.1 122.3 ± 8.4 
b 76.6 72.1 113.9 14.81 33.25 15.54 366.91 37.39 0.47 37.2 0.88 0.64 73.1 ± 6.0 114.8 ± 9.4 
c 91.7 74.9 128.9 11.44 26.46 5.42 386.57 28.21 0.20 42.3 1.29 0.68 74.8 ± 3.7 109.8 ± 5.5 

d* 100.5 89.0 115.6 6.98 22.32 360.63 160.31 108.34 16.16 50.1 1.73 0.68 12.0 ± 0.5 17.6 ± 0.8 
e 65.7 63.8 128.8 2.75 11.93 7.12 51.98 13.69 0.60 35.4 0.86 0.62 37.2 ± 4.8 60.1 ± 7.8 

154-16 
(BR-2) 

a 94.7 89.8 113.0 8.80 20.88 39.78 76.52 30.43 1.91 40.6 1.12 0.65 53.5 ± 2.4 81.8 ± 3.7 
b 100.6 88.1 125.0 17.29 32.93 29.71 92.72 40.11 0.90 50.9 1.85 0.72 79.5 ± 2.4 111.1 ± 3.4 
c 99.5 92.0 140.0 15.93 38.49 22.89 119.18 44.08 0.59 47.0 1.74 0.71 66.7 ± 2.6 94.4 ± 3.7 
d 99.2 91.5 136.2 16.94 28.69 23.19 62.54 34.29 0.81 46.2 1.66 0.70 91.0 ± 2.8 130.1 ± 4.0 
e 101.6 89.6 106.9 23.42 49.27 24.72 88.17 55.25 0.50 49.3 1.63 0.71 78.2 ± 3.8 110.1 ± 5.3 

154-17 
(BR-1) 

a 85.4 73.3 148.1 20.73 32.41 57.73 280.80 46.49 1.78 43.9 1.86 0.71 82.3 ± 2.8 115.3 ± 4.0 
b 93.4 91.7 103.6 17.81 37.21 3.97 658.12 38.95 0.11 47.9 1.49 0.70 84.2 ± 3.7 120.3 ± 5.3 
c 80.7 71.7 112.1 4.66 8.62 6.99 31.65 10.33 0.81 37.6 0.90 0.64 83.2 ± 8.7 130.7 ± 13.6 
d 85.0 78.1 98.6 5.34 15.19 7.03 152.57 17.04 0.46 43.1 1.09 0.67 57.9 ± 2.8 86.5 ± 4.2 
e 69.6 68.6 103.1 22.96 86.44 35.65 165.52 95.13 0.41 33.9 0.67 0.61 44.7 ± 1.6 73.6 ± 2.6 

 

Notes: eU: effective Uranium concentration; r: equivalent spherical radius; Ft: alpha correction factor, based on Ketcham et al. (2011).  

* Excluded from modeling due to anomalous Sm or Th composition.
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Fig. S3.2 – Stereomicroscope images displaying apatite diversity in the sampled units. A) Apatite separates in the Rio 
do Rastro Fm. B-F) Varying degrees of apatite abrasion across different samples. Apatites from the Rio do Rastro Fm. 

(B-D) tend to show less abrasion, while those from the Botucatu Fm. (E-F) are generally  circular. 
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Fig. S3.3 – Equivalent radius (r’, in µm) versus corrected AHe age (Ma). 
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Fig. S3.4 – Effective uranium (eU, in ppm ) versus corrected AHe age (Ma). 
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Supplementary Information 4 – AFT data 

 

 

Fig. S4.1 – Radial plots displaying apatite fission track age distribution and histograms showing confined track lengths 
distributions. n: number of measurements.  
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Table S4.2 – Apatite confined fission track length data and diameter of track opening measured parallel to the 
crystallographic c-axis (Dpar). 

Sample BR-3 

Final length (µm) Angle to c-axis Projected length 
(µm) 

Dpar (µm) Dpar stdv (µm) 

13.79 85.0 15.11 2.45 0.11 
10.57 55.6 12.72 2.45 0.11 
9.69 21.6 10.71 2.36 0.16 
5.78 68.0 11.62 2.36 0.16 

11.20 80.5 13.5 1.88 0.25 
7.81 55.5 11.68 1.86 0.13 
8.22 34.1 10.73 2.31 0.15 
9.73 56.4 12.2 1.79 0.20 

12.37 76.9 14.2 1.79 0.20 
12.46 85.4 14.3 2.45 0.45 
12.43 72.1 14.19 2.45 0.45 
14.25 29.6 14.69 2.45 0.45 
11.61 18.5 12.1 2.45 0.45 
14.95 33.3 15.34 2.45 0.45 
10.06 33.0 11.57 2.45 0.45 
11.69 65.9 13.65 2.45 0.45 
10.69 67.4 13.04 2.45 0.45 
11.68 61.7 13.57 2.09 0.35 
13.54 85.6 14.96 2.07 0.33 
13.74 57.3 14.85 2.07 0.33 
11.73 42.8 13.13 2.07 0.33 
11.54 75.8 13.67 2.18 0.12 
13.52 33.2 14.19 2.18 0.12 
13.89 78.9 15.15 2.18 0.12 
11.75 84.4 13.86 1.58 0.20 
8.59 52.6 11.71 1.58 0.20 
9.03 30.8 10.75 1.88 0.14 

11.04 45.7 12.75 1.83 0.23 
11.93 31.8 12.9 2.22 0.17 
15.06 27.1 15.33 1.84 0.14 
13.91 62.5 15.03 1.84 0.14 
10.08 80.9 12.82 1.98 0.25 

 

Sample BR-4 

Final length (µm) Angle to c-axis Projected length 
(µm) 

Dpar (µm) Dpar stdv (µm) 

14.09 45.2 14.89 1.80 0.27 
11.72 57.9 13.52 2.00 0.11 
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10.56 64.1 12.9 2.00 0.11 
14.45 51.7 15.25 2.00 0.11 
11.93 80.6 13.95 2.16 0.23 
12.42 68.9 14.15 1.69 0.38 
12.43 39.8 13.54 2.01 0.10 
13.09 59.7 14.45 2.01 0.10 
13.42 27.4 13.95 2.01 0.10 
11.22 64.9 13.33 2.01 0.10 
12.93 67.2 14.45 1.73 0.29 
14.61 55.1 15.41 1.73 0.29 

 

Sample BR-6 

Final length (µm) Angle to c-axis Projected length 
(µm) 

Dpar (µm) Dpar stdv (µm) 

12.88 76.7 14.51 1.87 0.10 
14.58 12.1 14.66 2.14 0.16 
12.87 49.3 14.1 2.16 0.27 
13.06 33.1 13.82 2.16 0.27 
12.13 66.8 13.94 1.99 0.12 
15.38 54.4 15.93 1.82 0.19 
13.82 68.2 15.03 2.51 0.25 
13.83 64.4 15 1.92 0.13 
14.08 65.3 15.17 1.92 0.13 
12.60 71.7 14.29 1.92 0.13 
12.41 53.5 13.88 1.86 0.20 
14.14 36.6 14.75 1.86 0.20 
12.80 73.0 14.43 3.26 0.08 
15.75 27.9 15.94 2.06 0.13 
9.82 38.8 11.66 2.06 0.13 

13.99 42.0 14.75 2.11 0.26 
12.58 86.2 14.37 2.11 0.26 
12.64 69.7 14.3 2.22 0.30 
12.15 66.9 13.95 2.22 0.30 
12.09 65.1 13.89 2.22 0.30 
11.95 74.3 13.92 2.35 0.36 
14.85 51.0 15.52 2.35 0.36 
10.64 60.2 12.87 2.35 0.36 
12.56 69.0 14.24 2.17 0.15 
14.44 44.2 15.13 2.17 0.15 
11.36 67.1 13.45 2.17 0.15 
12.97 48.2 14.15 2.17 0.15 
11.89 79.7 13.92 2.17 0.15 
11.39 62.6 13.4 2.17 0.15 
14.09 80.3 15.28 2.96 0.20 
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10.03 84.1 12.85 2.28 0.44 
15.66 50.0 16.09 2.28 0.44 
12.95 72.7 14.52 2.28 0.44 
15.87 38.1 16.14 2.28 0.44 
13.12 68.9 14.6 3.24 0.13 
15.89 69.7 16.36 3.24 0.13 
12.58 68.9 14.25 3.24 0.13 
15.16 54.2 15.77 2.16 0.51 
12.59 26.1 13.22 2.72 0.07 
11.78 47.5 13.31 2.72 0.07 
9.56 64.5 12.29 2.72 0.07 

13.79 86.5 15.12 2.52 0.48 
12.99 76.5 14.58 1.92 0.21 
13.74 86.2 15.08 2.02 0.16 
12.37 73.8 14.17 2.02 0.16 
11.93 80.4 13.95 2.18 0.22 
13.04 57.4 14.38 2.82 0.11 
14.00 49.9 14.91 2.70 0.15 
14.92 28.9 15.24 2.70 0.15 
14.75 62.4 15.58 1.71 0.12 
12.78 37.6 13.74 1.78 0.18 
13.22 77.8 14.73 2.96 0.15 
12.74 89.5 14.47 1.85 0.12 
13.43 53.8 14.58 2.50 0.03 
13.28 61.1 14.6 2.67 0.08 
13.14 73.9 14.66 2.67 0.08 
10.06 70.0 12.68 2.67 0.08 
10.84 65.8 13.1 2.67 0.08 
13.97 36.1 14.61 3.15 0.21 
12.18 55.9 13.78 1.94 0.15 
13.79 62.8 14.95 1.94 0.15 
15.72 24.3 15.88 2.52 0.17 
15.39 88.0 16.1 2.52 0.17 
14.92 80.1 15.79 2.52 0.17 
10.34 71.4 12.88 2.52 0.17 
13.07 55.1 14.36 2.34 0.13 
13.44 67.5 14.78 2.34 0.13 
12.90 48.0 14.1 1.95 0.21 
13.82 24.9 14.22 2.09 0.29 
11.32 85.8 13.6 2.09 0.29 
14.65 75.9 15.61 2.09 0.29 
13.52 33.5 14.19 1.84 0.16 
14.41 53.6 15.25 1.84 0.16 
12.52 37.8 13.55 1.84 0.16 
13.99 34.0 14.58 1.99 0.24 
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13.82 68.9 15.04 2.20 0.11 
11.28 41.1 12.76 2.20 0.11 
12.82 36.6 13.74 2.20 0.11 
13.62 80.0 14.99 1.90 0.27 
10.80 76.5 13.22 2.55 0.33 
12.14 89.6 14.11 2.55 0.33 
13.15 22.5 13.58 2.55 0.33 
12.62 60.6 14.16 3.37 0.16 
13.93 79.5 15.18 3.97 0.05 
15.56 53.3 16.04 2.79 0.12 
7.18 83.9 12.18 2.79 0.12 

11.60 35.2 12.78 2.79 0.12 
14.47 60.1 15.37 2.05 0.11 
12.21 78.4 14.11 2.47 0.10 
9.98 60.0 12.45 2.47 0.10 

10.08 77.0 12.78 1.74 0.00 
12.70 83.4 14.44 2.92 0.26 
6.54 29.4 10.24 1.70 0.10 
9.95 86.2 12.85 1.70 0.10 

10.93 26.8 11.92 1.71 0.12 
 

Sample BR-7 

Final length (µm) Angle to c-axis Projected length 
(µm) 

Dpar (µm) Dpar stdv (µm) 

13.90 37.1 14.58 2.03 0.36 
12.30 54.3 13.83 2.69 0.14 
11.05 65.7 13.24 2.69 0.14 
10.33 71.3 12.87 2.04 0.22 
11.35 58.1 13.28 2.04 0.22 
12.10 65.0 13.89 2.79 0.22 
12.63 84.6 14.4 2.54 0.28 
12.29 73.0 14.11 2.70 0.20 
12.93 84.9 14.58 2.19 0.20 
13.13 77.6 14.67 3.16 0.14 
10.86 43.6 12.55 2.20 0.24 
13.72 85.8 15.07 2.76 0.14 
8.50 30.6 10.51 2.54 0.40 

13.22 79.1 14.74 2.54 0.40 
14.30 68.0 15.34 2.15 0.41 
11.39 63.7 13.42 2.15 0.41 
13.79 67.9 15.01 2.53 0.50 
14.93 32.7 15.31 2.79 0.16 
14.31 31.0 14.77 2.79 0.16 
12.78 54.8 14.16 1.86 0.43 
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14.02 69.5 15.17 2.33 0.13 
12.11 71.4 13.98 2.33 0.13 
15.91 58.6 16.33 3.26 0.45 
13.27 49.3 14.38 3.26 0.45 
12.91 61.2 14.36 3.26 0.45 
16.17 46.1 16.43 3.44 0.24 
14.12 86.8 15.32 2.11 0.30 
12.37 67.9 14.11 2.11 0.30 
9.29 88.8 12.69 2.98 0.21 
9.20 83.1 12.61 2.98 0.21 

12.85 62.9 14.34 3.16 0.51 
14.58 62.9 15.47 3.16 0.51 
15.23 63.4 15.9 2.97 0.31 
10.88 63.9 13.1 2.40 0.42 
13.48 47.4 14.49 2.80 0.24 
12.34 46.3 13.66 3.30 0.20 
13.09 59.4 14.45 3.30 0.20 
13.66 43.4 14.54 2.30 0.17 
14.26 30.3 14.72 2.24 0.14 
12.94 65.5 14.44 2.24 0.14 
12.79 44.6 13.94 2.24 0.14 
12.17 82.5 14.11 3.22 0.10 
12.46 65.8 14.14 3.15 0.11 
14.69 48.0 15.37 2.56 0.17 
14.23 57.4 15.18 2.58 0.37 
13.34 80.8 14.82 2.95 0.51 
13.48 45.8 14.46 2.44 0.40 
13.69 27.6 14.18 2.44 0.40 
13.21 75.1 14.71 2.44 0.40 
13.43 70.4 14.8 2.44 0.40 
15.05 43.5 15.57 3.36 0.53 
14.88 87.8 15.78 3.36 0.53 
11.54 59.1 13.43 2.80 0.21 
13.71 73.8 15.01 2.80 0.21 

 

Sample BR-9 

Final length (µm) Angle to c-axis Projected length 
(µm) 

Dpar (µm) Dpar stdv (µm) 

13.49 61.0 14.73 2.21 0.16 
12.16 75.3 14.05 3.02 0.28 
9.23 84.4 12.63 2.08 0.14 

14.34 90.0 15.45 2.38 0.09 
15.26 43.8 15.73 2.09 0.12 
7.28 72.7 12.03 2.09 0.12 
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11.14 67.8 13.33 2.24 0.06 
11.86 86.1 13.93 2.20 0.16 
12.27 64.6 14 2.20 0.16 
14.74 20.7 14.95 2.20 0.16 
14.83 19.3 15 2.26 0.11 
14.86 42.7 15.41 2.31 0.24 
10.35 59.3 12.66 2.31 0.24 
10.85 79.0 13.27 2.29 0.24 
13.58 58.7 14.76 2.29 0.24 
13.22 47.4 14.31 1.92 0.31 
13.55 60.0 14.76 1.92 0.31 
14.43 55.8 15.29 2.08 0.12 
13.39 61.6 14.68 2.08 0.12 
13.30 52.0 14.46 2.08 0.12 
12.60 73.5 14.32 2.20 0.06 
13.77 83.3 15.1 1.92 0.45 
12.11 58.7 13.79 2.27 0.12 
12.07 59.5 13.78 2.02 0.34 
11.96 54.2 13.6 2.29 0.35 
11.43 77.8 13.62 2.32 0.21 
13.92 65.1 15.06 2.32 0.21 
14.61 50.2 15.34 2.43 0.32 
12.83 50.3 14.1 2.07 0.09 
12.33 73.0 14.14 2.13 0.31 
11.68 70.7 13.71 2.13 0.31 
8.13 59.8 11.87 1.83 0.11 

12.33 65.9 14.05 2.30 0.18 
12.18 36.0 13.24 2.13 0.08 
11.30 79.7 13.56 2.13 0.08 
14.43 65.0 15.39 2.30 0.35 
13.10 49.2 14.26 2.25 0.20 
10.83 89.0 13.3 2.22 0.41 
13.74 42.6 14.58 2.22 0.41 
14.28 67.6 15.32 2.27 0.23 
13.39 77.9 14.84 2.11 0.31 
12.41 44.7 13.67 2.36 0.27 
13.56 52.2 14.64 2.45 0.31 
10.81 64.5 13.06 2.27 0.12 
13.40 42.1 14.32 2.27 0.12 
11.53 61.9 13.48 2.16 0.20 

 

Sample BR-10 

Final length (µm) Angle to c-axis Projected length 
(µm) 

Dpar (µm) Dpar stdv (µm) 
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10.60 50.5 12.6 2.10 0.34 
10.48 76.2 13.02 2.14 0.23 
12.59 52.1 13.98 1.99 0.13 
12.42 53.1 13.88 1.86 0.14 
12.02 52.9 13.61 1.78 0.07 
13.63 72.6 14.95 1.86 0.09 
10.18 55.5 12.47 2.13 0.25 
12.84 82.2 14.52 2.13 0.25 
10.84 53.8 12.85 2.13 0.25 
14.54 34.0 15.02 2.09 0.2 
9.18 32.5 10.94 2.09 0.2 

15.66 70.8 16.23 2.01 0.18 
12.05 69.3 13.92 2.01 0.18 
8.43 51.7 11.64 2.68 0.02 

13.38 33.1 14.07 2.31 0.07 
10.48 41.9 12.23 2.37 0.43 
11.97 27.2 12.75 2.32 0.2 
12.21 72.3 14.06 2.51 0.14 
13.29 8.4 13.36 1.95 0.12 
14.40 68.2 15.41 2.53 0.27 
10.42 66.6 12.85 2.53 0.27 
13.31 84.4 14.82 2.1 0.21 
14.76 70.6 15.65 2.1 0.21 
9.38 89.1 12.71 1.92 0.08 

12.98 30.3 13.67 1.92 0.08 
13.57 71.7 14.91 1.92 0.08 
11.36 47.5 13.02 2.34 0.15 
11.56 74.0 13.67 2.34 0.15 
11.54 55.8 13.36 2.34 0.15 
14.26 78.2 15.38 2.34 0.15 
11.54 86.9 13.74 2.52 0.12 
16.44 49.6 16.65 2.52 0.12 
12.97 59.6 14.37 3.2 0.26 
9.29 56.9 11.99 3.2 0.26 

14.34 38.6 14.95 2.48 0.25 
10.84 44.1 12.55 2.4 0.1 
9.36 80.0 12.61 2.4 0.1 

12.12 61.2 13.84 2.52 0.2 
15.65 46.1 16.05 2.52 0.2 
11.39 49.6 13.1 3.08 0.41 
12.46 50.9 13.86 3.08 0.41 
8.44 57.9 11.87 3.08 0.41 

13.95 48.1 14.84 2.11 0.3 
9.15 72.5 12.41 2.11 0.3 

11.90 46.6 13.36 2.54 0.41 
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14.99 29.0 15.31 2.54 0.41 
13.96 71.6 15.15 2.03 0.22 
11.51 51.5 13.23 2.27 0.17 
10.72 76.3 13.17 1.97 0.28 
13.00 53.4 14.28 2.17 0.27 
13.48 41.8 14.37 2.17 0.27 
3.57 40.9 10.36 2.17 0.27 

13.72 67.8 14.96 2.76 0.15 
7.42 55.5 11.61 2.76 0.15 

14.84 38.9 15.34 2.34 0.24 
11.74 37.5 12.96 2.34 0.24 
13.56 33.0 14.21 2.34 0.24 
14.10 56.9 15.08 2.45 0.29 
7.48 70.3 12.02 2.45 0.29 

10.73 55.1 12.81 2.45 0.29 
10.72 35.0 12.13 2.45 0.29 
8.78 84.4 12.53 2.45 0.29 

13.29 69.1 14.7 2.67 0.34 
10.26 49.9 12.36 2.67 0.34 
13.09 61.9 14.49 2.23 0.22 
14.43 72.6 15.46 2.71 0.18 
14.06 82.7 15.27 2.71 0.18 
12.66 88.4 14.42 2.36 0.3 
9.76 78.7 12.69 2.36 0.3 

11.89 67.7 13.8 2.65 0.24 
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Table S4.3 – Apatite fission-track analytical results.  Ns = number of spontaneous fission tracks; ρs = fission track density; zeta = 3.574 ± 0.1325; G = 1;  λ- = 
1.551E-10, decay constants from Jaffey, A.H., Flynn, K.F., Glendenin, L.E., Bentley, W.C., Essling, A.M., 1971. Precision measurement of the half-lives and specific 
activities of 235U and 238U. Phys. Rev. 4, 1889– 1906.  Age calculation after Donelick, R.A., O’Sullivan, P.B., Ketcham, R.A., 2005. Apatite fission-track analysis. 
Rev. Mineral. Geochem. 58, 49–94. 

Sample BR-3 

Sample 
ID 

Ns ρs 
counted 

units 
unit size 

(cm2) 
area 
(cm2) 

238U/43Ca 
1σ 

[238U/43Ca] 
Age 
[Ma] 

Error 
[Ma] 

          
154-14-1 47 1.57E+06 30 1.00E-06 3.00E-05 0.0428 0.0013 129.5 19.9 

154-14-2 67 1.60E+06 42 1.00E-06 4.20E-05 0.046 0.0019 122.8 16.5 

154-14-3 20 8.00E+05 25 1.00E-06 2.50E-05 0.0304 0.0044 93.4 25.1 

154-14-4 27 5.00E+05 54 1.00E-06 5.40E-05 0.01656 0.00066 107.0 21.4 

154-14-5 21 5.25E+05 40 1.00E-06 4.00E-05 0.01545 0.00067 120.3 27.1 

154-14-6 29 9.67E+05 30 1.00E-06 3.00E-05 0.02112 0.0008 161.5 31.2 

154-14-7 39 1.56E+06 25 1.00E-06 2.50E-05 0.0623 0.0022 88.9 14.9 

154-14-8 35 8.33E+05 42 1.00E-06 4.20E-05 0.02845 0.00093 103.8 18.3 

154-14-9 28 1.12E+06 25 1.00E-06 2.50E-05 0.0303 0.0026 130.8 27.6 

154-14-10 31 8.86E+05 35 1.00E-06 3.50E-05 0.03492 0.00075 90.0 16.6 

154-14-11 15 4.17E+05 36 1.00E-06 3.60E-05 0.01142 0.00045 129.1 34.1 

154-14-12 36 1.00E+06 36 1.00E-06 3.60E-05 0.02401 0.00078 147.2 25.6 

154-14-13 35 1.40E+06 25 1.00E-06 2.50E-05 0.086 0.075 57.9 51.5 

154-14-14 38 9.05E+05 42 1.00E-06 4.20E-05 0.02964 0.00091 108.2 18.3 

154-14-15 36 1.13E+06 32 1.00E-06 3.20E-05 0.0543 0.001 73.6 12.6 

154-14-16 24 6.86E+05 35 1.00E-06 3.50E-05 0.03252 0.00081 74.9 15.7 

154-14-17 40 1.33E+06 30 1.00E-06 3.00E-05 0.03515 0.00069 134.2 21.9 

154-14-19 16 6.40E+05 25 1.00E-06 2.50E-05 0.04207 0.00075 54.1 13.7 

154-14-21 99 3.54E+06 28 1.00E-06 2.80E-05 0.1118 0.0041 112.0 12.7 

154-14-22 90 2.25E+06 40 1.00E-06 4.00E-05 0.0989 0.0016 80.8 9.1 

154-14-23 48 1.33E+06 36 1.00E-06 3.60E-05 0.03694 0.00067 127.7 19.2 

154-14-26 8 2.86E+05 28 1.00E-06 2.80E-05 0.01241 0.00047 81.8 29.2 

154-14-27 8 1.63E+05 49 1.00E-06 4.90E-05 0.00775 0.00048 74.8 27.0 

154-14-28 27 9.00E+05 30 1.00E-06 3.00E-05 0.02891 0.00081 110.3 21.8 

154-14-30 6 1.71E+05 35 1.00E-06 3.50E-05 0.00317 0.00029 190.4 80.0 

154-14-31 4 1.14E+05 35 1.00E-06 3.50E-05 0.0406 0.0023 10.1 5.1 

154-14-32 16 8.00E+05 20 1.00E-06 2.00E-05 0.01188 0.00097 236.3 62.8 

154-14-33 13 6.50E+05 20 1.00E-06 2.00E-05 0.02721 0.00069 84.8 23.8 
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Sample BR-4 

Sample 
ID 

Ns ρs 
counted 

units 
unit size 

(cm2) 
area 
(cm2) 

238U/43Ca 
1σ 

[238U/43Ca] 
Age 
[Ma] 

Error 
[Ma] 

          
154-15-1 32 1.33E+06 24 1.00E-06 2.40E-05 0.0592 0.0028 80.0 14.9 

154-15-2 13 3.61E+05 36 1.00E-06 3.60E-05 0.02406 0.00081 53.4 15.1 

154-15-3 15 3.75E+05 40 1.00E-06 4.00E-05 0.00831 0.00036 159.3 42.1 

154-15-4 65 1.55E+06 42 1.00E-06 4.20E-05 0.035 0.003 156.1 24.2 

154-15-5 79 3.16E+06 25 1.00E-06 2.50E-05 0.1417 0.004 79.2 9.6 

154-15-6 24 6.67E+05 36 1.00E-06 3.60E-05 0.02169 0.00081 108.9 23.0 

154-15-8 37 1.54E+06 24 1.00E-06 2.40E-05 0.02699 0.00088 201.0 34.5 

154-15-9 14 2.80E+05 50 1.00E-06 5.00E-05 0.01651 0.00066 60.3 16.5 

154-15-10 29 9.67E+05 30 1.00E-06 3.00E-05 0.0346 0.00072 99.1 18.9 

154-15-11 32 8.89E+05 36 1.00E-06 3.60E-05 0.0444 0.0011 71.2 13.0 

154-15-12 47 1.57E+06 30 1.00E-06 3.00E-05 0.08035 0.00088 69.3 10.5 

154-15-13 11 4.58E+05 24 1.00E-06 2.40E-05 0.01471 0.00062 110.4 33.9 

154-15-14 15 6.00E+05 25 1.00E-06 2.50E-05 0.02256 0.00058 94.4 24.7 

154-15-15 20 6.67E+05 30 1.00E-06 3.00E-05 0.0426 0.0059 55.7 14.8 

154-15-16 49 1.96E+06 25 1.00E-06 2.50E-05 0.0521 0.0018 133.1 20.2 

154-15-18 56 1.56E+06 36 1.00E-06 3.60E-05 0.0621 0.0037 88.9 13.4 

154-15-19 65 1.30E+06 50 1.00E-06 5.00E-05 0.0827 0.0024 55.9 7.4 

154-15-20 63 2.52E+06 25 1.00E-06 2.50E-05 0.1551 0.0069 57.8 8.0 

154-15-21 16 6.40E+05 25 1.00E-06 2.50E-05 0.01688 0.00065 134.1 34.3 

154-15-22 15 3.75E+05 40 1.00E-06 4.00E-05 0.0174 0.002 76.6 21.8 

154-15-23 78 3.25E+06 24 1.00E-06 2.40E-05 0.2183 0.0058 53.0 6.5 

154-15-24 13 4.33E+05 30 1.00E-06 3.00E-05 0.03141 0.00082 49.1 13.8 

154-15-25 14 7.00E+05 20 1.00E-06 2.00E-05 0.0239 0.0015 103.8 28.8 

154-15-26 2 4.08E+04 49 1.00E-06 4.90E-05 0.00095 0.00011 151.7 108.9 

154-15-27 33 7.33E+05 45 1.00E-06 4.50E-05 0.0257 0.0015 101.2 19.0 

154-15-28 17 5.67E+05 30 1.00E-06 3.00E-05 0.01164 0.00054 171.7 42.9 

154-15-29 15 3.57E+05 42 1.00E-06 4.20E-05 0.0153 0.00057 82.9 21.8 

154-15-30 24 1.14E+06 21 1.00E-06 2.10E-05 0.0639 0.0038 63.6 13.7 

154-15-31 35 1.46E+06 24 1.00E-06 2.40E-05 0.0642 0.0043 80.7 15.0 

154-15-32 11 3.44E+05 32 1.00E-06 3.20E-05 0.089 0.015 13.8 4.8 
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Sample BR-6 

Sample 
ID 

Ns ρs 
counted 

units 
unit size 

(cm2) 
area 
(cm2) 

238U/43Ca 
1σ 

[238U/43Ca] 
Age 
[Ma] 

Error 
[Ma] 

          
154-05-2 47 1.12E+06 42 1.00E-06 4.20E-05 0.0365 0.0013 108.6 16.8 

154-05-3 48 1.20E+06 40 1.00E-06 4.00E-05 0.04905 0.00068 86.8 13.0 

154-05-5 13 3.25E+05 40 1.00E-06 4.00E-05 0.01176 0.00032 98.0 27.6 

154-05-6 12 3.00E+05 40 1.00E-06 4.00E-05 0.00977 0.00047 108.8 32.1 

154-05-7 15 6.25E+05 24 1.00E-06 2.40E-05 0.00762 0.00081 286.7 80.7 

154-05-8 18 7.50E+05 24 1.00E-06 2.40E-05 0.0513 0.0011 52.0 12.5 

154-05-9 29 1.04E+06 28 1.00E-06 2.80E-05 0.044 0.0029 83.6 16.8 

154-05-10 26 1.08E+06 24 1.00E-06 2.40E-05 0.01719 0.00062 221.4 44.9 

154-05-12 24 1.00E+06 24 1.00E-06 2.40E-05 0.0409 0.0014 86.8 18.2 

154-05-16 20 8.00E+05 25 1.00E-06 2.50E-05 0.037 0.0011 76.8 17.6 

154-05-17 9 5.63E+05 16 1.00E-06 1.60E-05 0.01006 0.00039 196.8 66.4 

154-05-18 23 5.48E+05 42 1.00E-06 4.20E-05 0.01442 0.00061 134.3 29.0 

154-05-19 57 2.38E+06 24 1.00E-06 2.40E-05 0.0918 0.0027 91.8 12.9 

154-05-20 13 4.64E+05 28 1.00E-06 2.80E-05 0.01397 0.00049 117.7 33.2 

154-05-21 10 3.33E+05 30 1.00E-06 3.00E-05 0.00621 0.00024 189.0 60.6 

154-05-22 13 4.33E+05 30 1.00E-06 3.00E-05 0.0176 0.00049 87.4 24.6 

154-05-23 41 9.11E+05 45 1.00E-06 4.50E-05 0.023 0.0011 140.0 23.5 

154-05-24 54 1.29E+06 42 1.00E-06 4.20E-05 0.0547 0.0033 83.5 12.8 

154-05-25 14 5.60E+05 25 1.00E-06 2.50E-05 0.0319 0.0012 62.4 17.0 

154-05-26 16 6.40E+05 25 1.00E-06 2.50E-05 0.01689 0.00056 134.0 34.2 

154-05-27 6 2.50E+05 24 1.00E-06 2.40E-05 0.00651 0.00032 135.8 56.1 

154-05-29 7 2.33E+05 30 1.00E-06 3.00E-05 0.0064 0.00038 129.0 49.6 

154-05-30 32 1.14E+06 28 1.00E-06 2.80E-05 0.03749 0.00099 108.0 19.7 

154-05-31 18 4.00E+05 45 1.00E-06 4.50E-05 0.00475 0.00033 294.1 73.1 

154-05-32 20 6.25E+05 32 1.00E-06 3.20E-05 0.02228 0.00063 99.5 22.7 

154-05-33 36 1.20E+06 30 1.00E-06 3.00E-05 0.0353 0.0012 120.4 21.0 
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Sample BR-7 

Sample ID Ns ρs 
counted 

units 
unit size 

(cm2) 
area 
(cm2) 

238U/43Ca 
1σ 

[238U/43Ca] 
Age 
[Ma] 

Error 
[Ma] 

          
154-08-1 6 1.20E+05 50 1.00E-06 5.00E-05 0.00508 0.00022 83.9 34.6 

154-08-2 98 1.75E+06 56 1.00E-06 5.60E-05 0.0876 0.0022 71.0 7.8 

154-08-3 33 1.18E+06 28 1.00E-06 2.80E-05 0.02774 0.00087 150.1 27.1 

154-08-4 12 7.50E+05 16 1.00E-06 1.60E-05 0.01936 0.0005 137.0 40.0 

154-08-5 18 5.00E+05 36 1.00E-06 3.60E-05 0.00986 0.00032 178.7 43.0 

154-08-6 36 7.20E+05 50 1.00E-06 5.00E-05 0.01012 0.00041 249.4 43.8 

154-08-8 24 8.00E+05 30 1.00E-06 3.00E-05 0.0222 0.0008 127.5 26.9 

154-08-9 10 2.86E+05 35 1.00E-06 3.50E-05 0.00552 0.00031 182.4 59.0 

154-08-10 16 5.33E+05 30 1.00E-06 3.00E-05 0.01911 0.0006 99.0 25.2 

154-08-11 6 2.86E+05 21 1.00E-06 2.10E-05 0.0097 0.00025 104.4 42.9 

154-08-12 14 5.60E+05 25 1.00E-06 2.50E-05 0.0464 0.0025 43.0 11.8 

154-08-14 19 4.75E+05 40 1.00E-06 4.00E-05 0.01139 0.00042 147.3 34.7 

154-08-15 19 6.33E+05 30 1.00E-06 3.00E-05 0.04324 0.0009 52.1 12.2 

154-08-16 46 2.30E+06 20 1.00E-06 2.00E-05 0.1285 0.0048 63.7 10.0 

154-08-17 13 6.19E+05 21 1.00E-06 2.10E-05 0.02558 0.00064 85.9 24.1 

154-08-18 12 2.40E+05 50 1.00E-06 5.00E-05 0.00865 0.00034 98.4 28.9 

154-08-19 7 2.92E+05 24 1.00E-06 2.40E-05 0.01093 0.00038 94.7 36.1 

154-08-20 15 3.06E+05 49 1.00E-06 4.90E-05 0.01168 0.00042 93.0 24.5 

154-08-21 30 1.25E+06 24 1.00E-06 2.40E-05 0.04376 0.00087 101.3 19.0 

154-08-22 13 4.06E+05 32 1.00E-06 3.20E-05 0.0095 0.0013 151.0 47.0 

154-08-13 31 1.11E+06 28 1.00E-06 2.80E-05 0.01654 0.00061 234.9 43.9 

154-08-23 18 4.50E+05 40 1.00E-06 4.00E-05 0.0171 0.0015 93.4 23.7 

154-08-24 21 5.00E+05 42 1.00E-06 4.20E-05 0.02219 0.00054 80.0 17.8 

154-08-25 8 4.00E+05 20 1.00E-06 2.00E-05 0.01841 0.00055 77.2 27.5 

154-08-26 18 7.20E+05 25 1.00E-06 2.50E-05 0.01549 0.00045 164.0 39.4 

154-08-27 11 4.40E+05 25 1.00E-06 2.50E-05 0.0267 0.001 58.6 17.9 

154-08-28 10 4.17E+05 24 1.00E-06 2.40E-05 0.0136 0.0014 108.6 36.3 

154-08-29 54 2.25E+06 24 1.00E-06 2.40E-05 0.0896 0.0034 89.1 13.0 

154-08-30 12 7.50E+05 16 1.00E-06 1.60E-05 0.039 0.003 68.4 20.6 

154-08-31 16 6.40E+05 25 1.00E-06 2.50E-05 0.0376 0.00085 60.5 15.4 

154-08-32 15 7.50E+05 20 1.00E-06 2.00E-05 0.00964 0.00076 272.2 74.2 

154-08-33 47 1.88E+06 25 1.00E-06 2.50E-05 0.04597 0.00098 144.5 22.0 
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Sample BR-9 

Sample ID Ns ρs 
counted 

units 
unit size 

(cm2) 
area 
(cm2) 

238U/43Ca 
1σ 

[238U/43Ca] 
Age 
[Ma] 

Error 
[Ma] 

          
154-01-1 39 8.67E+05 45 1.00E-06 4.50E-05 0.01468 0.00046 207.6 34.7 

154-01-2 33 6.11E+05 54 1.00E-06 5.40E-05 0.02564 0.00062 84.6 15.2 

154-01-3 56 1.40E+06 40 1.00E-06 4.00E-05 0.0359 0.0025 137.9 21.4 

154-01-4 52 1.73E+06 30 1.00E-06 3.00E-05 0.0611 0.0013 100.6 14.6 

154-01-5 83 2.08E+06 40 1.00E-06 4.00E-05 0.1384 0.0027 53.4 6.3 

154-01-6 44 1.57E+06 28 1.00E-06 2.80E-05 0.0511 0.0016 109.0 17.3 

154-01-7 118 2.19E+06 54 1.00E-06 5.40E-05 0.0788 0.0076 98.3 13.6 

154-01-8 26 1.08E+06 24 1.00E-06 2.40E-05 0.03401 0.00068 112.8 22.6 

154-01-9 26 1.44E+06 18 1.00E-06 1.80E-05 0.055 0.0011 93.2 18.7 

154-01-10 18 5.14E+05 35 1.00E-06 3.50E-05 0.01642 0.0006 111.0 26.8 

154-01-11 36 8.57E+05 42 1.00E-06 4.20E-05 0.0572 0.0025 53.3 9.4 

154-01-12 36 1.03E+06 35 1.00E-06 3.50E-05 0.0491 0.0013 74.4 12.9 

154-01-13 27 6.75E+05 40 1.00E-06 4.00E-05 0.0243 0.0015 98.5 20.2 

154-01-15 24 9.60E+05 25 1.00E-06 2.50E-05 0.03226 0.00061 105.5 22.0 

154-01-16 49 2.45E+06 20 1.00E-06 2.00E-05 0.1137 0.0018 76.6 11.4 

154-01-17 36 6.00E+05 60 1.00E-06 6.00E-05 0.04269 0.00087 50.0 8.6 

154-01-18 43 2.05E+06 21 1.00E-06 2.10E-05 0.04715 0.00069 153.4 24.2 

154-01-20 47 1.57E+06 30 1.00E-06 3.00E-05 0.0999 0.0018 55.8 8.5 

154-01-21 99 2.36E+06 42 1.00E-06 4.20E-05 0.0954 0.0017 87.7 9.5 

154-01-22 27 7.71E+05 35 1.00E-06 3.50E-05 0.02288 0.00053 119.4 23.6 

154-01-23 50 1.19E+06 42 1.00E-06 4.20E-05 0.0373 0.0026 113.1 18.3 

154-01-24 34 7.08E+05 48 1.00E-06 4.80E-05 0.02551 0.00073 98.5 17.5 

154-01-25 17 4.05E+05 42 1.00E-06 4.20E-05 0.02486 0.00038 57.9 14.2 

154-01-26 46 7.67E+05 60 1.00E-06 6.00E-05 0.0348 0.0016 78.3 12.4 

154-01-27 39 1.08E+06 36 1.00E-06 3.60E-05 0.03146 0.00095 121.9 20.4 

154-01-28 24 8.00E+05 30 1.00E-06 3.00E-05 0.038 0.0012 74.8 15.7 

154-01-30 37 1.03E+06 36 1.00E-06 3.60E-05 0.05742 0.00087 63.7 10.8 

154-01-31 79 3.95E+06 20 1.00E-06 2.00E-05 0.1556 0.0045 90.1 11.0 

154-01-32 84 2.63E+06 32 1.00E-06 3.20E-05 0.0963 0.0055 96.7 12.4 
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Sample BR-10 

Sample ID Ns ρs 
counted 

units 
unit size 

(cm2) 
area 
(cm2) 

238U/43Ca 
1σ 

[238U/43Ca] 
Age 
[Ma] 

Error 
[Ma] 

          
154-02-2 10 3.57E+05 28 1.00E-06 2.80E-05 0.01557 0.0004 81.5 26.0 

154-02-4 9 2.81E+05 32 1.00E-06 3.20E-05 0.00942 0.00056 105.8 36.0 

154-02-10 31 8.86E+05 35 1.00E-06 3.50E-05 0.03025 0.00081 103.8 19.2 

154-02-13 48 1.14E+06 42 1.00E-06 4.20E-05 0.0575 0.0015 70.6 10.7 

154-02-14 37 1.16E+06 32 1.00E-06 3.20E-05 0.04513 0.00088 90.9 15.4 

154-02-15 12 2.50E+05 48 1.00E-06 4.80E-05 0.00399 0.00023 220.1 65.3 

154-02-16 28 1.00E+06 28 1.00E-06 2.80E-05 0.0216 0.0031 163.4 39.2 

154-02-17 67 2.68E+06 25 1.00E-06 2.50E-05 0.1347 0.0029 70.7 9.2 

154-02-21 13 2.71E+05 48 1.00E-06 4.80E-05 0.00624 0.0003 153.3 43.5 

154-02-23 15 6.25E+05 24 1.00E-06 2.40E-05 0.01567 0.0005 141.0 37.1 

154-02-25 12 4.00E+05 30 1.00E-06 3.00E-05 0.0073 0.00027 192.9 56.6 

154-02-26 23 9.20E+05 25 1.00E-06 2.50E-05 0.0225 0.0006 144.5 30.8 

154-02-29 9 2.57E+05 35 1.00E-06 3.50E-05 0.01053 0.00037 86.7 29.2 

154-02-30 7 2.19E+05 32 1.00E-06 3.20E-05 0.00387 0.00026 198.9 76.7 

154-02-31 36 1.03E+06 35 1.00E-06 3.50E-05 0.02168 0.00092 167.4 29.4 

154-02-32 21 7.50E+05 28 1.00E-06 2.80E-05 0.0215 0.0011 123.5 28.1 

154-02-33 18 5.00E+05 36 1.00E-06 3.60E-05 0.00917 0.00057 192.0 47.3 
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Supplementary Information 5 – Apatite (U-Th)/He and fission track single grain ages with 
respect to relevant geologic events 

 

 

 

Fig. S5.1 – Apatite (U-Th)/He and fission track single grain ages with respect to relevant geologic events. The x-axis 
represents the grain # in each sample.  
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Supplementary Information 6 – Inverse thermal history model results 

 

 

 

 

Fig. S6.1 – Graphical representation of modelling constraints 

 

 

 

 

Fig. S6.2 – Histogram of resampled Eb values 
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Supplementary Information 7 – AFT and AHe data compilation 

Table S7.1 – AFT data compilation 

Sample information Distance to coast 
(Km) 

Distance to scarp 
(Km) 

Norm. distance to 
coast 

Age (Ma) Track Length  (µm) Dpar (µm) Geological information 
Reference 

Sample  Lat Long Elevation (m) Depth (m) N Central Age   1σ P (χ2) (%) n Mean   1σ Std n Mean   1σ Skew Unit Lithology Formation Age 

10a -28.394 -49.527 740 - 50.073 2.07 1.04 12 88.6 ± 5.0 70 26 13.15 ± 0.25 1.25 - - ± - - Botucatu Fm. Sandstone Early Cretaceous Gallagher et al. (1994) 
10b -28.394 -49.527 740 - 50.073 2.07 1.04 19 95.4 ± 4.0 80 89 12.72 ± 0.23 1.62 - - ± - - Botucatu Fm. Sandstone Early Cretaceous Gallagher et al. (1994) 
10c -28.394 -49.527 740 - 50.073 2.07 1.04 12 92.3 ± 7.0 40 27 12.58 ± 0.35 1.78 - - ± - - Botucatu Fm. Sandstone Early Cretaceous Gallagher et al. (1994) 
10d -28.394 -49.527 740 - 50.073 2.07 1.04 20 81 ± 6.0 8 45 12.71 ± 0.27 1.81 - - ± - - Botucatu Fm. Sandstone Early Cretaceous Gallagher et al. (1994) 
10e -28.394 -49.527 740 - 50.073 2.07 1.04 14 74.8 ± 4.0 85 5 12.93 ± 0.66 1.32 - - ± - - Botucatu Fm. Sandstone Early Cretaceous Gallagher et al. (1994) 
10f -28.394 -49.527 740 - 50.073 2.07 1.04 18 88 ± 7.0 1 17 12.66 ± 0.72 2.88 - - ± - - Botucatu Fm. Sandstone Early Cretaceous Gallagher et al. (1994) 
2a -29.358 -49.734 2 - 0 -28.915 0.00 15 123.7 ± 7.0 70 41 13.38 ± 0.2 1.28 - - ± - - Botucatu Fm. Sandstone Early Cretaceous Gallagher et al. (1994) 
2b -29.358 -49.734 1 - 0 -28.915 0.00 1 121.2 ± 27.0 - 0   ± - - - - ± - - Botucatu Fm. Sandstone Early Cretaceous Gallagher et al. (1994) 
2c -29.358 -49.734 0 - 0 -28.915 0.00 7 101 ± 10.0 25 5 13.65 ± 0.32 0.64 - - ± - - Botucatu Fm. Sandstone Early Cretaceous Gallagher et al. (1994) 
3 -28.383 -49.032 109 - 11.925 -46.398 0.20 19 52.2 ± 5.0 2 24 13.29 ± 0.35 1.7 - - ± - - Basement Granite Neoproterozoic Gallagher et al. (1994) 
4 -28.338 -49.202 120 - 27.998 -33.134 0.46 14 64.7 ± 6.0 20 64 13.07 ± 0.26 2.06 - - ± - - Basement Granite Neoproterozoic Gallagher et al. (1994) 
5 -28.360 -49.330 130 - 36.884 -18.687 0.66 24 67.5 ± 3.0 0 40 12.74 ± 0.23 1.45 - - ± - - Basement Granite Neoproterozoic Gallagher et al. (1994) 
6 -28.390 -49.380 150 - 38.889 -13.44 0.74 20 82.3 ± 4.0 0 98 12.83 ± 0.21 2.09 - - ± - - Basement Granite Neoproterozoic Gallagher et al. (1994) 
7 -28.386 -49.490 550 - 47.919 -0.96 0.98 18 150.3 ± 16.0 0 71 12.41 ± 0.29 2.42 - - ± - - NA - Serra Alta/Teresina Fm.? Sedimentary - Gallagher et al. (1994) 
8 -28.386 -49.494 555 - 47.919 -0.96 0.98 21 157 ± 14.0 0 100 12.85 ± 0.19 1.93 - - ± - - NA - Serra Alta/Teresina Fm.? Sedimentary - Gallagher et al. (1994) 
9 -28.389 -49.505 600 - 48.74 0.1 1.00 6 141.2 ± 13.0 20 11 12.68 ± 0.6 1.89 - - ± - - NA - Serra Alta/Teresina Fm.? Sedimentary - Gallagher et al. (1994) 

11 -28.112 -49.499 1650 - 68.805 8.295 1.14 20 123.7 ± 6.0 5 59 14.14 ± 0.19 1.47 - - ± - - Serra Geral Gr. Basalt Early Cretaceous Gallagher et al. (1994) 
12 -28.121 -49.478 1750 - 68.805 8.295 1.14 27 132.3 ± 5.0 10 43 15.1 ± 0.27 1.72 - - ± - - Serra Geral Gr. Basalt Early Cretaceous Gallagher et al. (1994) 
13 -28.100 -49.450 1160 - 63.538 7.721 1.14 10 95.7 ± 6.0 100 51 12.75 ± 0.35 2.46 - - ± - - Botucatu Fm. Sedimentary Early Cretaceous Gallagher et al. (1994) 
14 -28.090 -49.440 1100 - 63.519 9.1 1.17 11 99.4 ± 8.0 5 12 13.25 ± 0.41 1.35 - - ± - - Botucatu Fm. Sedimentary Early Cretaceous Gallagher et al. (1994) 
15 -28.080 -49.400 1005 - 60.959 3.7 1.06 9 90.1 ± 10.0 5 15 12.86 ± 0.27 1 - - ± - - Botucatu Fm. Sedimentary Early Cretaceous Gallagher et al. (1994) 
16 -28.140 -49.270 170 - 46.641 -11.805 0.80 16 60.7 ± 4.0 0 27 12.13 ± 0.43 2.21 - - ± - - Basement Granite Neoproterozoic Gallagher et al. (1994) 
17 -28.190 -49.230 90 - 40.296 -19.424 0.67 18 77 ± 8.0 0 53 12.25 ± 0.32 2.34 - - ± - - Basement Granite Neoproterozoic Gallagher et al. (1994) 

BR09-50 -28.697 -49.178 27 - 2.65 -41.9 0.06 21 76.2 ± 6.6 99.2 80 13.0 ± - 1.7 160 1.3 ± 0.1 1.5 Basement Granite Neoproterozoic Karl et al. (2013) 
BR09-51 -28.580 -49.052 7 - 0.42 -50.3 0.01 25 76.7 ± 6.1 100.0 10 13.7 ± - 1.2 175 1.4 ± 0.1 1.7 Basement Granite Neoproterozoic Karl et al. (2013) 
BR09-52 -28.447 -48.968 13 - 2.68 -56.36 0.05 21 73.4 ± 5.6 99.6 78 12.9 ± - 2.1 145 1.3 ± 0.1 1.6 Basement Granite Neoproterozoic Karl et al. (2013) 
BR09-53 -28.426 -48.858 20 - 64 0 0.00 24 70.7 ± 4.6 98.9 10 13.1 ± - 1.8 165 1.3 ± 0.1 1.5 Basement Granite Neoproterozoic Karl et al. (2013) 
BR09-45 -28.361 -49.306 194 - 35.016 -20.72 0.63 20 76.4 ± 5.9 58.7 95 12.9 ± - 1.2 140 1.4 ± 0.1 1.5 Basement Granodiorite Neoproterozoic Karl et al. (2013) 
BR09-46 -28.295 -49.114 133 - 24.236 -33.25 0.42 23 69.8 ± 5.6 99.9 93 12.1 ± - 1.7 165 1.4 ± 0.2 1.6 Basement Granite Neoproterozoic Karl et al. (2013) 
BR09-42 -28.394 -49.527 740 - 50.073 2.07 1.04 19 59.5 ± 5.2 1.0 - - ± - - - - ± - - Botucatu Fm. Sandstone Early Cretaceous Karl et al. (2013) 
BR09-35 -27.867 -50.193 931 - 137.206 85.78 2.67 5 79.7 ± 10.9 89.8 - - ± - - 5 1.2 ± 0.1 0.2 Botucatu Fm. Sandstone Jurassic Karl et al. (2013) 
BR09-17 -26.201 -51.521 903 - 353.747 290.338 5.58 5 47.7 ± 11.0 91.4 - - ± - - 12 1.0 ± 0.3 0.5 Serra Geral Gr. Basalt Early Cretaceous Karl et al. (2013) 

BR10-32 -27.931 -48.661 17 - 12.242 -56.515 0.18 23 78.0 ± 5.8 98.5 55 14.0 ± - 1.3 243 1.3 ± 0.2 0.2 Basement Granite Neoproterozoic Krob et al. (2019) 
BR10-34 -28.252 -48.702 20 - 0 -68.98 0.00 18 68.4 ± 5.2 76.7 10 13.4 ± - 1.3 90 1.5 ± 0.2 -0.2 Basement Granite Neoproterozoic Krob et al. (2019) 

PDM 9 -28.535 -49.421 - 305 32.3 -11.913 0.73 2 221.6 ± 14.9 8.8 - - ± - - - - ± - - Rio Bonito Fm. Sandstone Carboniferous–Permian Bicca et al. (2020) 
PDM 10 -28.535 -49.421 - 309 32.3 -11.913 0.73 5 77.0 ± 8.8 - - - ± - - - - ± - - Rio Bonito Fm. Sandstone Carboniferous–Permian Bicca et al. (2020) 
PDM 11 -28.480 -49.463 - 95 39.282 -5.963 0.87 6 57.3 ± 7.6 0.7 3 11.40 ± 0.7 0.8 - 7 ± - - Rio Bonito Fm. Sandstone Carboniferous–Permian Bicca et al. (2020) 
PDM 12 -28.750 -49.237 - 41 3.737 -37.478 0.09 3 46.2 ± 6.8 0.0 3 10.26 ± 0.8 0.3 - 4 ± - - Rio Bonito Fm. Sandstone Carboniferous–Permian Bicca et al. (2020) 
PDM 13 -28.750 -49.237 - 62 3.737 -37.478 0.09 24 52.7 ± 7.3 0.0 8 - ±   - - - ± - - Rio Bonito Fm. Sandstone Carboniferous–Permian Bicca et al. (2020) 
PDM 14 -28.730 -49.361 - 68 14.75 -25.669 0.36 33 168.6 ± 13.0 0.0 16 - ±   - - - ± - - Rio Bonito Fm. Sandstone Carboniferous–Permian Bicca et al. (2020) 
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Table S7.2 – AHe data compilation 

Sample n Region Reference Lat Lon Z Lithology and/or formation 
Stratigraphy age (Ma or 

age) 
Distance to coast 

(km) 
n 

Average corr. AHe 
(Ma) 

AHe 
error 

Error 
% 

Min AHe 
(Ma) 

  
Max AHe 

(Ma) 
Age crystal 

1 
Age crystal 

2 
Age crystal 

3 
Age crystal 

4 
Age crystal 

5 
Age crystal 

6 
Age crystal 

7 

BR-9 1 Study area This study -28.394 -49.527 740 Sandstone - Botucatu Fm Early Cretaceous 50.1 5 89.66 4.63 5% 77.9 - 105.9 105.92 88.31 84.87 77.93 91.25   

BR-10 2 Study area This study -28.388 -49.510 637 Sandstone - Rio do Rasto Fm. Upper Permian 49.1 5 56.29 6.05 11% 42.8 - 76.4 49.98 42.82 76.36 63.52 48.78   

BR-6 3 Study area This study -28.891 -49.831 131 Sandstone - Rio do Rasto Fm. Upper Permian 40.9 4 55.75 8.02 14% 44.3 - 78.9 45.83 44.28 53.96 78.94    

BR-7 4 Study area This study -28.938 -49.622 12 Sandstone - Rio do Rasto Fm. Upper Permian 21.4 3 70.51 2.73 4% 66.1 - 75.5 66.08 69.96 75.49     

BR-8 5 Study area This study -28.942 -49.367 30 Sandstone - Rio do Rasto Fm. Upper Permian 1.1 7 - 30.77 38% 24.4 - 254.2 43.31 110.49 28.04 24.39 254.20 45.77 65.65 

BR-5 6 Study area This study -29.216 -49.969 127 Sandstone - Botucatu Fm Early Cretaceous 29.6 4 67.65 9.99 15% 45.3 - 93.1 61.45 45.25 93.11 70.79    

BR-1 7 Study area This study -29.582 -50.426 145 Sandstone - Botucatu Fm Early Cretaceous 40.5 5 105.28 10.80 10% 73.6 - 130.7 115.33 120.34 130.69 86.45 73.57   

BR-2 8 Study area This study -29.585 -50.281 71 Sandstone - Botucatu Fm Early Cretaceous 29.2 5 105.48 8.19 8% 81.8 - 130.1 81.80 111.07 94.38 130.05 110.12   

BR-3 9 Study area This study -29.534 -50.203 261 Sandstone - Botucatu Fm Early Cretaceous 26.6 5 111.47 13.19 12% 75.2 - 154.2 102.51 123.98 75.18 101.46 154.22   

BR-4 10 Study area This study -29.534 -50.203 260 Sandstone - Botucatu Fm Early Cretaceous 26.6 4 101.75 14.12 14% 60.1 - 122.3 122.34 114.76 109.82 60.09       

L-1 11 Study area Karl et al. 2013 -28.388 -49.508 620 Sandstone - Botucatu Fm Early Cretaceous 49.0 3 43.13 6.53 15% 32.2 - 54.8 54.80 42.40 32.20     

L-2 12 Study area Karl et al. 2013 -28.361 -49.306 194 Granodiorite Neoproterozoic 35.0 3 86.60 12.09 14% 63.2 - 103.6 63.20 103.60 93.00     

L-3 13 Study area Karl et al. 2013 -28.295 -49.114 133 Granite Neoproterozoic 24.2 3 79.43 4.17 5% 72.9 - 87.2 87.20 78.20 72.90     
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